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ABSTRACT
K r a f t  p u l p  and  p a p e r  m i l l  e f f l u e n t s  (KPPME) c o l l e c t e d  on th r e e  
o c c a s io n s  w ere an a ly zed  f o r  r e s i n  a c i d s ,  a l i p h a t i c  h y d r o c a r b o n s ,  and  
a r o m a t i c  h y d r o c a r b o n s .  The maximum t o t a l  c o n c e n t r a t i o n s  o f  t h e s e  
compounds found in  secondary  e f f l u e n t s  were 8 mg/L r e s i n  a c i d s ,  4 .0  mg/L 
r e s o l v e d  a l i p h a t i c  h y d r o c a r b o n s ,  and  0 . 2  mg/L r e s o l v e d  a r o m a t i c  
h y d ro c a rb o n s .  A b ie t i c  a c id  and d e h y d r o a b ie t i c  a c i d  w e re  t h e  two m a jo r  
components i n  r e s i n  a c i d  f r a c t i o n s  and were r e s p o n s i b l e  f o r  > 70% o f  th e  
t o t a l  c o n c e n t r a t i o n .
A n a ly s e s  o f  e s t u a r i n e  w a t e r  and  s e d i m e n t s  c o l l e c t e d  f ro m  th e  
o u t f a l l  and nearby  a r e a s  showed t h a t  d e h y d r o a b ie t i c  a c i d  was t h e  m a jo r  
r e s i n  a c i d  i n  e i t h e r  w a t e r  o r  s e d i m e n t .  C o n c e n t r a t i o n s  o f  
d e h y d r o a b ie t i c  a c i d  r a n g i n g  f ro m  0 . 4  u g /L  t o  3 .6  n g /L  w e re  fo u n d  i n  
w a t e r  s a m p le s  c o l l e c t e d  d u r in g  h ig h  w a te r  s l a c k  and up to  5 .8  h g /g  d ry  
sed im en t w ere found in  s e d im e n ts .  T h is  i n d i c a t e s  t h a t  d e h y d r o a b i e t i c  
a c id  i s  p e r s i s t e n t  in  th e  e s t u a r i n e  en v iro n m en t.
Most o f  th e  r e s i n  a c id s  i d e n t i f i e d  i n  t h e  KPPME w e re  p r e s e n t  in  
sed im en ts  ta k e n  n e a r  th e  o u t f a l l .  C o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  th e  
m ajor r e s i n  a c id s  showed maximum c o n c e n t r a t i o n s  n e a r  t h e  o u t f a l l  w h ic h  
i n d i c a t e s  t h a t  t h e  KPPME i s  a  m a jo r  s o u r c e  f o r  t h e s e  a c i d s .  The 
c o n c e n t r a t i o n - d e p th  p r o f i l e s  o f  th e  r e s i n  a c id s  i n  c o r e  s a m p le s  a p p e a r  
t o  r e f l e c t  t h e  m a jo r  e v e n t s  o c c u r r i n g  i n  th e  m i l l .  I f  t h i s  i s  t r u e ,  
av e ra g e  s e d im e n ta t io n  r a t e s  a f t e r  1973 a r e  e s t i m a t e d  t o  b e  2 -3  c m /y e a r  
n e a r  th e  o u t f a l l  and 1 cm /year in  th e  n ea rb y  a r e a s .
Sediment h yd rocarbon  c o n c e n t r a t i o n s  a l s o  p e a k e d  n e a r  t h e  o u t f a l l  
a r e a .  D i s c h a r g e  o f  t h e  KPPME and th e  use  o f  f u e l  o i l  in  th e  m i l l  a re  
among t h e  c o n t r i b u t o r s  o f  p e t r o l e u m  h y d r o c a r b o n s  i n  t h e  s e d i m e n t s .  
C o r d g r a s s  ( Spa r t i n a  cv n o s u ro id e s )  in  th e  a d j a c e n t  m arsh a r e a s  i s  l i k e l y  
to  be th e  m ajo r s o u rc e  f o r  h ig h  MW n -a lk a n e s  to  th e  s e d im e n ts .
Retene was i d e n t i f i e d  in  th e  s e d im e n ts .  The c o n c e n t r a t i o n - s t a t i o n  
and c o n c e n t r a t i o n - d e p th  p r o f i l e s  o f  r e t e n e  in  r i v e r  s e d im e n ts ,  h o w e v e r ,  
s u g g e s t s  t h a t  i t  i s  u n l i k e l y  t o  be d e r iv e d  p r im a r i l y  from r e s i n  a c id s  
n e a r  th e  d is c h a rg e d  a r e a .  R e te n e  was fo u n d  t o  be  p r e d o m i n a n t  i n  one  
sa m p le  t a k e n  fro m  t h e  m a rs h  a r e a  i n  M arch 1 9 8 1 ,  b u t  i t  was a  minor 
component i n  th e  sample ta k e n  i n  November 1982. F u r th e r  s tu d y  i s  needed 
to  u n d e rs ta n d  p ro d u c t io n  p ro c e s s  o f  t h i s  compound.
RESIN ACID COMPOUNDS IN A KRAFT PULP AND PAPER MILL EFFLUENT AND 
THEIR DISTRIBUTION IN BOTTOM SEDIMENTS NEAR THE OUTFALL
CHAPTER 1
INTRODUCTION
R e s in  a c i d s  a r e  m a jo r  com ponen ts  o f  p i n e  r o s i n s .  T h e y  a r e  
e x t r a c t e d  from th e  c e l l u l o s e  f i b e r  du ring  t h e  p u lp in g  p ro c e sse s  commonly 
used  by th e  p u lp  and paper i n d u s t r y  and a r e  d i s c h a r g e d  w i th  t h e  m i l l  
e f f l u e n t s .  The k r a f t  o r  s u l f a t e  p ro c e s s  i s  a te c h n iq u e  fo r  p ro d u c in g  
pap e r  p u lp .  A g e n e r a l i z e d  schem atic  d iagram  o f  th e  p ro c e s s  i s  shown i n  
F i g u r e  1 . 1 .  I t  i n v o l v e s  t h e  c o o k in g  o f  wood c h i p s  in  a s o l u t i o n  o f  
sodium h y d ro x id e  (NaOH) and sodium s u l f i d e  (Na£S) u n d e r  p r e s s u r e .  The 
r e s u l t a n t  d i g e s t e d  l i g n i n  i s  t h e n  s u b j e c t e d  to  a s e r i e s  of w a s h in g s .  
The l iq u o r  o b ta in e d  from th e  f i r s t  washing s t a g e ,  t h e  b l a c k  l i q u o r ,  i s  
s e n t  t o  t h e  r e c o v e ry  u n i t  to  reco v e r  th e  o r i g i n a l  cook ing  chem icals  and 
a  b y -p roduc t  c a l l e d  t a l l  o i l .  The washed p u l p  i s  t h e n  s u b j e c t e d  t o  a 
s e q u e n c e  o f  b l e a c h i n g  a n d /o r  paper m aking. Large amounts of w a te r  a r e  
needed to  o p e r a t e  a k r a f t  m i l l .  A pprox im ately  1 7 4 ,0 0 0  l i t e r s  o f  w a t e r  
a r e  r e q u i r e d  f o r  each to n  o f  b leached  pu lp  and p a p e r  ( R a in v i l l e  e t  a l . ,  
1975).  A l a r g e  p o r t i o n  o f  th e  w ate r  e v e n t u a l l y  becom es w a s te w a te r  and  
i s  d isch a rg e d  from th e  p l a n t .
I t  has lo n g  been known t h a t  k r a f t  p u l p  and p a p e r  m i l l  e f f l u e n t s  
(KPPME) a r e  t h e  m a jo r  c o n t r i b u t o r s  t o  w a t e r  q u a l i t y  problems in  some 
r e c e iv in g  w a t e r s .  The im pacts  o f  th e  e f f l u e n t s  i n c l u d e  low d i s s o l v e d  
oxygen  (DO) d u e  t o  t h e  h i g h  b i o c h e m i c a l  o x y g en  demand (BOD) o f  th e  
w a s te ,  u n d e s i r a b l e  a e s t h e t i c  e f f e c t s ,  and  t o x i c i t y  t o  f i s h  and o t h e r
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4a q u a t i c  l i f e .  N u m ero u s  e f f o r t s  h a v e  b e e n  m ade t o  s t u d y  t h e  
e n v i r o n m e n t a l  im p a c t s  o f  KPPME a s  w e l l  a s  t o  c o n t r o l  t h e  p ro b le m s .  
T hese  a t te m p ts  have  been re v ie w e d  y e a r ly  s i n c e  1973 ( G e l lm a n  and  Gove, 
1 9 7 3 ;  Gove a n d  G e l lm a n ,  1 9 7 4  t o  1977 ; G o v e ,  1978 t o  1 9 8 3 ) .  I t  has 
r e c e n t l y  become a p p a re n t  t h a t  t h e  u s e  o f  c r u d e  c o l l e c t i v e  p a r a m e t e r s  
s u c h  a s  DO a n d  BOD d o es  n o t  r e v e a l  e n v i r o n m e n t a l  d a n g e r s  when t o x i c  
compounds a r e  in v o lv e d .  T hus ,  a l th o u g h  th e  g r o s s  w ate r  p o l l u t i o n  caused 
b y  o x y g en  consum ing compounds i n  KPPME h as  been  c o n s id e r a b ly  reduced  by 
im p ro v e m e n ts  i n  b o th  t h e  m a n u f a c t u r i n g  p r o c e s s e s  a n d  w a s t e w a t e r  
t r e a tm e n t  s y s te m s ,  th e  t o x i c i t y  problem  may re m a in .
Recent advances  in  in s t r u m e n ta t io n  and a n a l y t i c a l  t e c h n i q u e s  h a v e  
m a d e  i t  p o s s i b l e  t o  i s o l a t e  and  i d e n t i f y  some o f  t h e  compounds 
r e s p o n s i b l e  f o r  t h e  t o x i c i t y  o f  KPPME. The compounds i d e n t i f i e d  in c lu d e  
r e s i n  a c i d s ,  u n s a t u r a t e d  f a t t y  a c i d s ,  p h e n o l i c s ,  and t h e i r  c h l o r i n a t e d  
homologs (Leach and Thakore 1973 , 1975). Common r e s i n  a c i d s  i d e n t i f i e d  
i n  t h e  KPPME a r e  p im a r ic  a c i d ,  s a n d a ra c o p im a r ic  a c id ,  i s o p im a r ic  a c i d ,  
d e h y d r o a b i e t i c  a c i d ,  and a b i e t i c  a c i d .  C h lo r in a te d  d e h y d r o a b i e t i c  a c id s  
h a v e  a l s o  b e e n  i d e n t i f i e d  i n  a b l e a c h e d  k r a f t  e f f l u e n t  (L e a c h  and 
T h a k o re ,  1975) and in  a b i o l o g i c a l l y  t r e a t e d  KPPME (E as ty  e t  a l . ,  1978).
L each  a n d  T hakore  (19 7 3 )  r e p o r te d  t h a t  th e  sodium s o a p s  o f  r e s i n  
a c i d s  a t  a c o n c e n t r a t i o n  o f  14 mg/L a r e  r e s p o n s i b l e  f o r  82% o f  t h e  
t o x i c i t y  o f  an  unb leached  k r a f t  e f f l u e n t  to  coho salmon. The t o x i c i t i e s  
(96  h r  DC^q a t  pH 6 .8 - 7 .1 )  t o  ra inbow  t r o u t  w ere  r e p o r te d  t o  be 0 .8  mg/L 
f o r  p i m a r i c  a c i d ,  0 .9  mg/L f o r  s a n d a r a c o p i m a r i c  a c i d ,  0 . 7  mg/L f o r  
i s o p im a r ic  a c i d ,  1 .6  mg/L f o r  d e h y d r o a b ie t i c  a c i d ,  1.1 mg/L f o r  a b i e t i c  
a c i d ,  0 .6  mg/L f o r  m o n o c h l o r o d e h y d r o a b i e t i c  a c i d ,  an d  0 . 6  mg/L f o r  
d i c h l o r o d e h y d r o a b i e t i c  a c id  (T om linson , 1 9 8 0 ) ,  T hese  r e s i n  a c i d s  a r e
p r e s e n t  as sodium s a l t s  in  th e  pH range commonly found in  f i n a l  e f f l u e n t  
and r e c e iv in g  w a te r  (a p p ro x im a te ly  pH 7 . 5 ) .
The need t o  know what compounds e n t e r  t h e  re c e iv in g  w a t e r s  and a t  
what c o n c e n t r a t io n s  i s  c r u c i a l  i n  a s s e s s i n g  t h e  im pact o f  KPPME a f t e r  
b e i n g  d i s c h a r g e d . .  The i d e n t i f i c a t i o n  a n d  q u a n t i f i c a t i o n  o f  th e  
d i s c h a rg e d  compounds in  i t s  r e c e iv in g  e n v i r o n m e n t  i s  a l s o  n e e d e d .  In  
1 9 7 4 -1 9 7 5 ,  a t te m p ts  were made in  Canada to  i n v e s t i g a t e  th e  d i s t r i b u t i o n  
and f a t e  of r e s i n  a c i d s  a f t e r  b e in g  d is c h a rg e d  in t o  the r e c e i v i n g  w a te r  
( F o x ,  1977; B ro w n le e  and S t r a c h a n ,  1977; Brownlee e t  a l . ,  1 9 7 7 ) .  The 
s t u d i e s  were p a r t s  o f  a m u l t i d i s c i p l i n a r y  e f f o r t  c o n d u c te d  u n d e r  th e  
a u s p i c e s  o f  t h e  I n t e r n a t i o n a l  J o i n t  C o m m iss io n ,  Upper G r e a t  Lakes 
R e fe re n c e  Group to  a s s e s s  th e  e n v i ro n m e n ta l  im p a c t  o f  a KPPME on Lake 
S u p e r i o r .  I n  t h e s e  s t u d i e s ,  d e h y d r o a b i e t i c  a c id  was f o u n d  to  be 
p e r s i s t e n t  bo th  i n  w a te r  and sed im en ts  and i t  was recommended f o r  use as 
a t r a c e r  t o  i d e n t i f y  a r e a s  a f f e c t e d  by KPPME d is c h a rg e s .  The h a l f  l i f e  
o f  d e h y d ro a b ie t i c  a c i d  was e s t im a te d  to  be app ro x im ate ly  6 w e e k s  i n  th e  
w a t e r  column and  21 y e a r s  i n  s e d im e n ts  (Brow nlee  e t  a l . ,  1 9 7 7 ) .  The 
d e c r e a s e  in  c o n c e n t r a t i o n  o f  d e h y d ro a b ie t ic  a c i d  was sugges ted  t o  be due 
t o  d i l u t i o n  (Fox, 1977) and b io d e g ra d a t io n  in  th e  water column (Brownlee 
and S tra c h a n ,  19 7 7 ) .  D e h y d ro a b ie t ic  a c id  w as a l s o  i d e n t i f i e d  i n  f i s h  
t a k e n  from th e  o u t f a l l  a r e a  ( K a i s e r ,  1977).
R esin  a c id s  a r e  m onocarboxylic  a c id s  h a v in g  the t y p i c a l  m o l e c u l a r  
f o r m u l a  o f  *^20^30^2* Host r e s i n  a c id s  i d e n t i f i e d  in  KPPME c o n t a i n  two 
d o u b le  bonds h a v i n g  t h e  p a r e n t  p im a r a n e ,  i s o p i m a r a n e ,  a n d  a b i e t a n e  
s k e l e t o n s  (F ig u re  1 . 2 ) .  The p im a r ic  and i s o p im a r ic  types c o n t a i n  methyl 
(CH^) and v in y l  ( 0 2 ^ )  s u b s t i t u t i o n s  a t  C13, b u t  d i f f e r  i n  o r i e n t a t i o n  
o f  t h e  m e t h y l - v i n y l  c o m b i n a t i o n .  The a b i e t i c  type c o n ta in s  is o p ro p y l
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F ig u re  1.2 Chemical s t r u c t u r e s  o f  r e s i n  a c i d s  commonly found in  k r a f t  
p u lp  and paper m i l l  e f f l u e n t .  The numbering and s y s t e m a t ic  
nom encla tu re  fo l lo w  th o s e  used  by Rowe e t  a l .  (1 9 6 9 ) .
o f  th e  m e th y l -v in y l  co m b in a tio n .  The a b i e t i c  t y p e  c o n t a i n s  i s o p r o p y l  
( )  s u b s t i t u t i o n  a t  C13 and may c o n ta in  c o n ju g a te d  d ie n e s .  Enos e t  
a l .  (1963) p r e s e n te d  an e x c e l l e n t  r e v i e w  on t h e  c o m p o s i t i o n  o f  r e s i n  
a c i d s  and  t h e i r  c h e m ic a l  r e a c t i o n s .  The m ajor chem ica l r e a c t i o n s  o f  
r e s i n  a c id s  in c lu d e  o x id a t io n  by  m o l e c u l a r  o x y g en  o r  o t h e r  o x i d i z i n g  
a g e n t s ,  h y d r o g e n a t i o n  w i t h  m o l e c u l a r  h y d ro g e n  i n  t h e  p r e s e n c e  o f  a 
c a t a l y s t ,  p o l y m e r i z a t i o n  w i t h  m i n e r a l  a c i d s ,  and  i s o m e r i z a t i o n  and  
d eh y d ro g en a t io n  by m in e ra l  a c id s  o r  by h e a t .  The p re s e n c e  o f  c o n ju g a te d  
d ie n e s  in  th e  a b i e t i c  ty p e  i s  r e s p o n s i b l e  f o r  t h e  r e l a t i v e  ease  o f  th e s e  
r e a c t i o n s  com pared  t o  t h e  p i m a r i c  and  i s o p im a r ic  ty p e s  under s i m i l a r  
c o n d i t i o n s .  A ir  o x id a t io n  of c o n ju g a te d  d i e n e  r e s i n  a c i d s  p r o d u c e s  a 
c o m p l e x  m i x t u r e  o f  o x i d a t i o n  p r o d u c t s  i n c l u d i n g  t h o s e  c o n t a i n i n g  
hyd ro p ero x y ,  hydroxy , and k e to  g r o u p s .  The c a t a l y t i c  i s o m e r i z a t i o n ,  
h o w e v e r ,  r e s u l t s  i n  81-93% a b i e t i c  a c i d  a t  e q u i l i b r i u m .  P ro lo n g e d  
h e a t in g  o f  th e s e  a c id s  a t  270°C r e s u l t s  in  d e h y d ro g e n a t io n ,  t h e  r a t e  o f  
r e a c t i o n  c a n  b e  e n h a n c e d  by t h e  u s e  o f  c a t a l y s t s  s u c h  a s  s u l f u r  or 
i o d i n e .  When th e  r e a c t i o n  i s  c a r r i e d  ou t  a t  t e m p e ra tu re s  > 300°C i n  th e  
p re s e n c e  of a  c a t a l y s t ,  a com plete d eh y d ro g en a t io n  i s  o b ta in e d  r e s u l t i n g  
i n  r e t e n e .  D ehydrogenation  o f  t h e s e  r e s i n  a c id s  can be  b rough t ab o u t  by 
u s in g  m in e ra l  a c i d s .  These r e a c t i o n  schemes a r e  g iv e n  in  Appendix I I I .
Computerized gas  chrom atographs equipped w i th  FID d e t e c t o r s  (GC) 
a r e  commonly used  to  i d e n t i f y  and q u a n t i t a t e  r e s i n  a c i d s .  The r e t e n t i o n  
t im e  and GC re sp o n s e  d a ta  o f  some r e s i n  a c id s  w ere r e c e n t l y  r e p o r te d  f o r  
s e v e r a l  p o l a r  and  n o n p o l a r  s t a t i o n a r y  p h a s e s  u s e d  in  packed columns 
( z i n k e l  e t  a l . ,  1971; Z in k e l  and  E n g l e r ,  1977) and  c a p i l l a r y  co lu m n s  
( F o s t e r  an d  Z i n k e l ,  1 9 8 2 ) .  C o m p u te r iz e d  g a s  c h r o m a to g r a p h y - m a s s  
s p e c tro m e try  (GC-MS) i s  o f t e n  u s e d  a s  a s u p p l e m e n t a l  m e thod  f o r  t h e
r e p o r t e d  a long  w i t h  t h e i r  n u c l e a r  m agnetic  r e s o n a n c e ,  u l t r a v i o l e t ,  and  
i n f r a r e d  s p e c t r a  (Z in k e l  e t  a l . ,  1971).
The co m p o s i t io n  o f  r e s i n  a c i d s  in  KPPME v a r i e s  g r e a t l y  from  m i l l  
t o  m i l l  due t o  t h e  v a r i a t i o n  o f  r e s i n  a c i d s  in  p i n e  s p e c i e s  and th e  
d i f f e r e n c e s  i n  m a n u f a c t u r i n g  p r o c e s s e s .  A few s t u d i e s  h a v e  b e e n  
c o n d u c te d  t o  i d e n t i f y  r e s i n  a c i d s  in  KPPME produced from s e v e r a l  m i l l s  
( K e i t h ,  1979; E a s t y  e t  a l . ,  1 9 7 8 ) ,  h o w e v e r ,  no a t t e m p t  w as made t o  
i n v e s t i g a t e  t h e  d i s t r i b u t i o n  a f t e r  b e i n g  d is c h a rg e d .  The a n a l y t i c a l  
methods fo r  r e s i n  a c id s  in  KPPME, w a te r ,  and  s e d im e n t  s a m p le s  u se d  by  
m an y  r e s e a r c h e r s  (NCASI 1 9 7 2 ,  1975 , 1 9 7 8 ;  Fox 1977 ; B ro w n lee  and  
S t ra c h a n ,  1977; B row n lee  e t  a l . ,  1977) i n v o l v e d  e x t r a c t i o n  o f  r e s i n  
a c i d s  from an  a c i d i f i e d  s a m p le  and t h e n  GC o r  GC-MS a n a l y s i s  o f  th e  
e s t e r i f i e d  e x t r a c t .  These m ethods a r e  not s u i t a b l e  f o r  r o u t i n e  a n a l y s i s  
o f  t h e  c o m p l i c a t e d  s a m p le s  s u c h  a s  KPPME and e s t u a r i n e  w a te r  and  
sed im en ts  beca u se  o f  th e  p o s s i b l e  c o e lu t io n  o f  many compounds i n  the  GC. 
A m ethod  i n v o l v i n g  s e p a r a t i o n  o f  th e  e x t r a c t  in to  compound c l a s s e s  i s  
n e c e s s a r y .  The m e thod  recom m ended  by t h e  NCASI (197 5) f o r  r o u t i n e  
a n a l y s i s  o f  r e s i n  a c i d s  i n  KPPME and u s e d  by E a s ty  e t  a l .  ( 1 9 7 8 ) ,  
in c lu d e s  s e p a r a t i o n  o f  t h e  e s t e r i f i e d  e x t r a c t  by s i l i c a  g e l  co lum n 
chromatography u s in g  Azulene and  Sudan I  dyes a s  i n d i c a t o r s .  The method 
i s  n o t  a p p l i c a b l e  f o r  th e  s e p a r a t i o n  o f  s e d im e n t  e x t r a c t s  s i n c e  t h e y  
w i l l  c o n t a i n  p i g m e n t s  w h ich  o b s c u r e  the  c o l o r s  of th e  i n d i c a t o r s .  I n  
a d d i t i o n ,  th e  m ethod i s  no t in t e n d e d  f o r  t h e  a n a l y s i s  o f  r e s i n  a c i d s ,  
a l i p h a t i c  h y d ro c a rb o n s ,  and a r o m a t ic  hydrocarbons  from a  s i n g l e  e x t r a c t .
The o b j e c t i v e  o f  t h i s  r e s e a r c h  was t o  i d e n t i f y  r e s i n  a c i d s  i n  a 
KPPME and t o  i n v e s t i g a t e  t h e i r  d i s t r i b u t i o n  in  the  w a te r  column and in  
t h e  sedim ents n e a r  th e  o u t f a l l  a r e a .  An a t t e m p t  was made t o  u s e  t h e
d i s t r i b u t i o n  o f  d e h y d ro a b ie t i c  a c id  in  the  sed im en ts  as a t r a c e r  o f  th e  
KPPME components. In  a d d i t i o n ,  some s e l e c t e d  KPPME and sedim ent samples 
w ere  a n a l y z e d  f o r  a l i p h a t i c  and  a r o m a t i c  h y d r o c a r b o n s .  T h is  was to  
p ro v id e  a d d i t i o n a l  in fo rm a t io n  on p o s s i b l e  g e o c h e m ic a l  f a t e  o f  r e s i n  
a c i d s  and  w h e th e r  t h e  KPPME was a sou rce  f o r  h y d ro c a rb o n s .  The s tudy  
was d iv id e d  in to  3 p a r t s :
P a r t  1 :  D ev e lo p  s u i t a b l e  te c h n iq u e s  to  an a ly ze  r e s i n  a c i d s ,
a l i p h a t i c  h y d r o c a r b o n s ,  and a r o m a t i c  h y d r o c a r b o n s  i n  t h e  e f f l u e n t ,  
w a t e r ,  and  s e d im e n t  s a m p l e s .  The a n a l y t i c a l  t e c h n i q u e s  had  t o  be 
r e p r o d u c ib le  and s im ple  enough f o r  r o u t i n e  a n a l y s i s .
P a r t  2: I d e n t i f y  and q u a n t i f y  some key  compounds in  th e  KPPME.
The compound c l a s s e s  w ere  r e s i n  a c i d s ,  a l i p h a t i c  h y d r o c a r b o n s ,  and 
a ro m a tic  h y d ro ca rb o n s .
P a r t  3: I n v e s t i g a t e  th e  d i s t r i b u t i o n  o f  t h e  key  com pounds i n
e s t u a r i n e  w a te r  and sed im en ts  in  t h e  o u t f a l l  a r e a .
CHAPTER 2
EXPERIMENTAL METHODS
2.1  Study A rea
The s i t e  s e l e c t e d  f o r  t h i s  s t u d y  was th e  Pamunkey River in  th e  
v i c i n i t y  o f  t h e  C h esa p e a k e  C o r p o r a t i o n  o f  V i r g i n i a ,  W est P o i n t ,  
V i r g in i a .  The p l a n t  i s  lo c a te d  on th e  e a s t  sho re  o f  th e  Pamunkey R iv e r ,  
ap p ro x im ate ly  1 .8  k i lo m e te r s  ups tream  f ro m  i t s  m o u th .  The l o c a t i o n  o f  
t h e  s tu d y  a r e a  i s  shown in  F ig u re  2 .1 .  T h is  s i t e  was s e l e c t e d  becau se  
th e  Pamunkey i s  a r e l a t i v e l y  u n d i s t u r b e d  e s t u a r y  w i t h  t h e  C h e s a p e a k e  
C o rp o ra tio n  o f  V i r g in ia  b e in g  th e  only  m ajor p o in t  so u rce  d i s c h a rg e r  and 
th e r e f o r e ,  t h e  on ly  a n th ro p o g e n ic  s o u r c e  o f  t h e  key  compounds i n  t h e  
s t u d y  a r e a .  I n  a d d i t i o n ,  s e v e r a l  p h y s i c a l  and b i o l o g i c a l  s tu d ie s  had 
a l re a d y  been  conducted  in  t h i s  a re a  ( H a r r i s o n  and F a n g ,  1971 ; H yer e t  
a l . ,  1971; J a c o b s  and G r a n t ,  1974; Rhodes e t  a l . ,  1977 ) .  Hence, some 
background p h y s i c a l  and b i o l o g i c a l  d a ta  w ere  a v a i l a b l e .
The Pam unkey R iv e r  j o i n s  t h e  M a t t a p o n i  R i v e r  t o  form the  York 
R iv e r  a t  West P o i n t .  The Pamunkey i s  a p a r t i a l l y - m i x e d  e s t u a r y  w i t h  a 
90 k i l o m e t e r  r e a c h .  The mean t i d a l  r a n g e  i s  about 0 .9  m eter a t  West 
P o i n t .  Water t e m p e r a t u r e  i n  t h e  v i c i n i t y  o f  West P o i n t  r a n g e d  f ro m  
1 8 . 2 - 1 9 . 5 ° C ,  s a l i n i t y  ranged  from 6 .5 -1 3 .1  pp t and DO ran g ed  from 2 . 8 -
6 .7  mg/L d u r in g  a te n  day i n t e n s i v e  f i e l d  h y d ro g ra p h ic  su rv ey  c o n d u c te d  
i n  O c to b e r  1969  (H yer e t  a l . ,  1971). Normal 6ummer w a te r  te m p e ra tu re  
ran g es  between 25-28°C.
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F ig u r e  2 .1  L o c a t io n  o f  t h e  s tudy  a r e a .
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The C hesapeake C o r p o r a t i o n  o f  V i r g i n i a  o p e r a t e s  an  i n t e g r a t e d  
k r a f t  p u lp  and p ap e r  m i l l .  T o ta l  p ro d u c t io n  a v e ra g e s  about 1 ,500 m e t r ic  
to n s /d a y .  A pproxim ate ly  74% o f  th e  p ro d u c t  i s  u n b le ach ed  l i n e r b o a r d  and 
p a p e r  a n d  26% i s  b l e a c h e d  h a r d  wood m a rk e t  p u l p .  The m a jo r  raw  
m a t e r i a l s  used a r e  so u th e rn  p in e  and re c y c le d  p a p e r .  A p p ro x im a te ly  930 
m e t r i c  t o n s  o f  p i n e  p e r  day a r e  u s e d .  The b le a c h in g  sequence u sed  i s :  
(1) com bination  o f  c h lo r in e  and c h l o r i n e  d i o x i d e ,  ( 2 )  o x y g e n ,  and  ( 3 )  
c h l o r i n e  d i o x i d e .  The secondary  w as tew ate r  t r e a tm e n t  system  o p e r a t in g  
a t  th e  m i l l  i s  a h igh-oxygen  a c t i v a t e d  s lu d g e  c a l l e d  t h e  UNOX s y s t e m .  
The p r i n c i p a l  co m p o n e n ts  o f  t h e  system  in c lu d e  a p r im ary  c l a r i f i e r ,  a 
h i g h  p u r i t y  o x y g e n - a c t i v a t e d  s l u d g e  u n i t  (UNOX r e a c t o r )  , a n d  tw o  
seco n d ary  c l a r i f i e r s  ( s e e  F ig u re  2 . 2 ) .
> t
2 .2  Sample C o l l e c t i o n ,  S to ra g e ,  and P r e p a r a t io n
Two t y p e s  o f  s a m p le s  w e re  c o l l e c t e d  f o r  t h i s  s tu d y .  The f i r s t  
was KPPME p rov id ed  by th e  C h e sa p e a k e  C o r p o r a t i o n  o f  V i r g i n i a .  T h re e  
s e t s  o f  sam ples w ere c o l l e c t e d .  The second ty p e  o f  sample c o n s i s t e d  o f  
w a te r  and sed im en ts  c o l l e c t e d  in  th e  v i c i n i t y  o f  th e  o u t f a l l .
2 . 2 .1  The KPPME Samples
The f i r s t  s e t  o f  KPPME s a m p le s  c o n s i s t e d  o f  24 h o u r  c o m p o s i t e s  
( 2 5 0  m l e v e r y  2 h o u r s )  c o l l e c t e d  on  N ovem ber 2 3 - 2 4 ,  1 9 8 1 . The 
c o l l e c t i o n  was c a r r i e d  o u t  by C h e s a p e a k e  C o r p o r a t i o n  o f  V i r g i n i a  
p e r s o n n e l  u s in g  1 - g a l lo n  b o t t l e s  and g la ssw a re s  p ro v id e d  by th e  a u th o r .  
The samples were c o l l e c t e d  f ro m  two l o c a t i o n s ,  one  f ro m  t h e  p r im a r y  
e f f l u e n t  a t  t h e  e n t r a n c e  o f  t h e  UNOX r e a c t o r  an d  one from th e  f i n a l  
(s e c o n d a ry )  e f f l u e n t .  The sam pling  lo c a t i o n s  a re  shown i n  F i g u r e  2 . 2 .  
The s a m p le s  w ere  t r a n s p o r t e d  t o  t h e  l a b o r a t o r y  w i t h i n  12 h o u r s  o f
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c o l l e c t i o n .  At t h e  l a b o r a t o r y ,  each  sample was s e p a r a t e d  i n t o  3 p a r t s  
f o r  a n a l y s i s  fo l l o w in g  t h e  scheme shown i n  F ig u re  2 . 3 .  The f i r s t  p a r t  
was a n a l y z e d  im m e d i a t e l y  t o  de te rm ine  th e  e f f e c t s  o f  f i l t r a t i o n  and pH 
on t h e  c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  ( s a m p l e s  ID ,  ED, FED, a n d  EWO) . 
The second p a r t  was s t o r e d  in  a co ld  room a t  a p p ro x im a te ly  14°C (samples  
IW1, IW2, IW4, EWl, EW2, and EW4). The t h i r d  p a r t  was s t o r e d  i n  a 
f r e e z e r  a t  -2°C (samples  IWF4 and EWF4).
The second s e t  o f  KPPME s a m p l e s  was c o l l e c t e d  t o  d e t e r m i n e  t h e  
r e l i a b i l i t y  o f  t h e  a n a l y t i c a l  m e th o d  u s e d  i n  t h i s  s t u d y .  The sample 
c o l l e c t e d  by Chesapeake C o rp o ra t i o n  o f  V i r g i n i a  p e r s o n n e l ,  was t a k e n  on 
March 16,  1982.  I t  was a b u lk  secondary  e f f l u e n t  which  was d i v i d e d  in to  
t h r e e  p a r t s .  The f i r s t  p a r t  was s e n t  t o  t h e  N a t i o n a l  C o u n c i l  o f  t h e  
Paper  I n d u s t r y  f o r  A ir  and Stream Improvement (NCASI) f o r  an a n a l y s i s  of  
d e h y d r o a b i e t i c  a c i d  and a b i e t i c  a c i d .  The second p a r t  was a n a l y z e d  by 
t h e  a u t h o r  u s i n g  t h e  a n a l y t i c a l  m e th o d  em p loyed  i n  t h i s  s t u d y .  The 
t h i r d  p a r t  was a n a l y z e d  f o r  t o t a l  a b i e t i c  t y p e  r e s i n  a c i d s  b y  t h e  
C h e s a p e a k e  C o rp o ra t i o n  o f  V i r g in i a  u s i n g  t h e  McDonald method (McDonald, 
1978).  These samples were  analyzed  on March 19,  1982 by both  t h e  au tho r  
and t h e  Chesapeake C o r p o r a t i o n  of  V i r g i n i a .
The t h i r d  s e t  of  KPPME samples was c o l l e c t e d  on J a n u a r y  2 4 ,  1983 
t o  d e t e r m i n e  t h e  r e l a t i o n s h i p  between c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  and 
BOD and th e  e f f e c t  o f  t h e  b le a c h  p l a n t  on c o n c e n t r a t i o n s  of  r e s i n  a c i d s .  
The s a m p l e s  w e re  c o l l e c t e d  from t h r e e  l o c a t i o n s :  t h e  primary i n f l u e n t  
e x c l u d in g  th e  b l e a c h  p l a n t ,  the  p r im ary  i n f l u e n t  i n c l u d i n g  t h e  b l e a c h  
p l a n t ,  and  t h e  secondary  e f f l u e n t .  They were c o m p o s i te s  of  sub-samples  
c o l l e c t e d  eve ry  hour f o r  s i x  hours .  The samples w e re  a n a l y z e d  f o r  BOD
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F ig u re  2 .3  Schemat ic  diagram o f  sample p r e p a r a t i o n  o f  t h e  KPPME from
sample Set  1.  24 hour  composi t ,  c o l l e c t e d  on November 23-24 ,
1981.
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by t h e  Chesapeake C o rp o r a t i o n  o f  V i r g i n i a  and  f o r  r e s i n  a c i d s  by t h e  
a u t h o r .
The v a r i o u s  ty p e s  o f  t h e  KPPME s a m p l e s  c o l l e c t e d  f o r  t h i s  s t u d y  
a r e  summarized i n  Tab le  2 . 1 .
Tab le  2.1 Summary o f  Type o f  KPPME Samples C o l l e c t e d  i n  t h i s  Study .
Sample Date o f Type o f L o c a t io n  o f  Sampling
Set Sampling Sample Primary I n f l u e n t  P r im ary  
NBPa +BP e f f l u e n t
Secondary
e f f l u e n t
1 11/23/1981 24 h r s  
composit
- -  X X
2 3/1 6 /1982 bulk - - X
3 1/24 /1983 6 h r s  
composit
X X  - X
Notes :  a = n o t  i n c l u d i n g  t h e  b l e a c h  p l a n t ;  b ** i n c l u d i n g  t h e  b l e a c h
p l a n t ;  x = samples c o l l e c t e d ;  -  = n o t  c o l l e c t e d .
2 . 2 . 2  The E s t u a r i n e  Water and Sediment Samples
T e n  s a m p l i n g  l o c a t i o n s  a l o n g  t h e  r i v e r s  w e r e  s e l e c t e d  
co r re s p o n d in g  t o  t h e  s t a t i o n s  r e p o r t e d  by H a r r i s o n  and  Fang  ( 1 9 7 1 ) .  
They a r e  d e s i g n a t e d  a s  P I ,  P 2 ,  P 3 , P4 ,  P 5 ,  P6,  Y l ,  Y2, Ml, and M2 in  
F ig u re  2 . 4 .  S t a t i o n s  P2 and P3 a r e  l o c a t e d  a p p r o x i m a t e l y  100 m e t e r s  
f rom  t h e  e a s t  bank  o f  the  Pamunkey R iv e r .  S t a t i o n s  P I ,  P4,  P5,  P6, Ml, 
and M2 a r e  l o c a t e d  n e a r  t h e  mid -channe l  o f  t h e  r i v e r s .  S t a t i o n s  Yl and 
Y2 a r e  l o c a t e d  a bou t  one f o r t h  o f  th e  r i v e r  w id th  from t h e  e a s t  bank of  
th e  York R iv e r .
F ig u r e  2 . 4  Sampling l o c a t i o n s  o f  wate r  and sediment sam ples .
S t a t i o n  Approximate  D is tan ce  
from S t a t i o n  F2 
k i l o m e t e r s
Y2 - 4 . 8
Yl - 3 . 5
PI - 1 . 6
P2 0 .0
P3 0 .8
P4 2 .0
P5 4 .0
P6 7 .0
Ml - 2 . 2
M2 - 4 . 8
MR Marsh a r e a  a c r o s s  th e  o u t f a l l
IC I n t e r t i d a l  a r e a
Note: downstream d i r e c t i o n .
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Two s e t s  o f  e s t u a r i n e  w a t e r  and sediment  s am p le s  w e re  c o l l e c t e d ,  
b o t h  d u r in g  h ig h  w a te r  s l a c k .  The f i r s t  s e t  was c o l l e c t e d  from s t a t i o n s  
P2,  P 3 , and P4 on A ugus t  1 1 ,  1980 f o r  a p r e l i m i n a r y  a n a l y s i s .  The 
s e c o n d  s e t  was  c o l l e c t e d  on March 21, 1981 f rom a l l  sampl ing  s t a t i o n s .  
At each  s t a t i o n ,  a p p r o x i m a t e l y  3 . 8  l i t e r s  e a c h  o f  s u r f a c e  w a t e r  and 
s u b s u r f a c e  w a t e r  ( 4 - 5  m e te r s  d e p t h ) ,  one g r a b  sediment  sample ,  and one 
o r  two core  samples  were c o l l e c t e d .  Amber 1 - g a l l o n  so lv e n t  b o t t l e s  with  
t e f l o n - l i n e d  caps  were used  t o  c o l l e c t  th e  w a t e r  samples.  A Ponar  grab 
sampler  was used  t o  c o l l e c t  t h e  sediment s a m p le s .  A m o d i f i e d  g r a v i t y -  
t y p e  c o r e r  w i t h  a 5 cm ID and 50 cm long p l a s t i c  tube  l i n e r  was used to 
c o l l e c t  t h e  c o r e  samples .
I n  a d d i t i o n ,  a sediment  sample was t a k e n  from s t a t i o n  MR us ing  a 
c l e a n  s t a i n l e s s  s t e e l  spade.  T h i s  s t a t i o n  i s  i n  a marsh l o c a t e d  on th e  
w es t  bank o f  t h e  Pamunkey j u s t  a c r o s s  from t h e  o u t f a l l  a r e a .
I n  November 1982 two s ed im en t  samples  w e r e  t a k e n  f rom  t h e  marsh 
a r e a  and  a l a r g e  c o r e  sa m p le  was c o l l e c t e d  f rom an i n t e r t i d a l  a rea  a t  
s t a t i o n  IC u s in g  a 12 cm ID and 90 cm long p l a s t i c  t u b e .  D r i e d  l e a v e s  
and  s t e m s  o f  c o r d g r a s s  ( S u a r t i n a  cv n o s u ro id e s )  which dominate  th e  area  
were a l s o  c o l l e c t e d  a t  t h a t  t i m e .
A l l  samples were t r a n s p o r t e d  to  the l a b o r a t o r y  w i th i n  12 hours  of  
c o l l e c t i o n .  The w a t e r  s a m p l e s  were  f i l t e r e d  t h r o u g h  Whatmann N o . l  
f i l t e r  p a p e r ,  t h e  f i l t e r  p a p e r  was c h an g e d  a f t e r  a b o u t  h a l f  of  the 
sample  had p a s s e d  because o f  c l o g g i n g .  The g r a b  s e d im e n t  s a m p l e s  were 
h o m o g e n iz e d  a n d  w rap p ed  i n  a lumin ium f o i l .  The core  sed im ent samples 
were s e c t i o n e d  i n t o  2 cm i n t e r v a l s  and e a c h  s e c t i o n  was w rap p ed  in  
aluminium f o i l .  A l l  sediment samples  were k e p t  f r o z e n  u n t i l  a n a l y s i s .
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The sed im ents  were d r i e d  by f r e e z e - d r y i n g  ( B i e r i  e t  a l . ,  1 9 8 1 ) .  
They  w e r e  g r o u n d  u s i n g  a c e r a m i c  p e s t l e  and m o r t a r .  The d r i e d  f i n e  
sed im en ts  were  s t o r e d  in  a c l e a n  g l a s s  b o t t l e  o r  w rap p ed  i n  a l u m i n i u m  
f o i l  and were k ep t  in  a f r e e z e r  u n t i l  e x t r a c t i o n .
2 .3  M a t e r i a l s  and I n s t r u m e n t a t i o n
The o r g a n ic  s o l v e n t s  used  in  t h i s  s tudy  were a l l  p e s t i c i d e  g r a d e ,  
d i s t i l l e d - i n - g l a s s , p u r c h a s e d  f rom  t h e  B u r d i c k  and  J a c k s o n  Company.  
C o n c e n t r a t e d  h y d r o c h l o r i c  a c i d ,  c o n c e n t r a t e d  s u l f u r i c  a c i d ,  and sodium 
hyd ro x id e  p e l l e t s  were a l l  r e a g e n t  g r a d e .  E x t r a c t e d  w a te r  was p r e p a r e d  
by  e x t r a c t i n g  1 . 5  l i t e r s  o f  d e i o n i z e d  w a t e r  w i t h  200 ml m e t h y l e n e  
c h l o r i d e ,  f o l l o w e d  by a s e c o n d  e x t r a c t i o n  w i t h  200 ml o f  h e x a n e .  
A n a l y t i c a l  g r a d e ,  1 0 0 -2 0 0  mesh s i l i c a  g e l  was  c l e a n e d  by S o x h l e t  
e x t r a c t i o n  w i th  methylene  c h l o r i d e  or  hexane f o r  24 hours  and s t o r e d  i n  
a b row n  g l a s s  b o t t l e .  Anhydrous sodium s u l f a t e  powder was c l e a n e d  and 
s t o r e d  t h e  same way a s  s i l i c a  g e l .  G r a n u l a t e d  sod ium s u l f a t e  w a s  
c l e a n e d  by bak ing  a t  300°C f o r  3 h o u r s .
A u t h e n t i c  s t a n d a r d s  o f  p i m a r i c  a c i d ,  s a n d a r a c o p i m a r i c  a c i d ,  
i s o p i m a r i c  a c i d ,  d e h y d r o a b i e t i c  a c i d ,  a b i e t i c  a c i d ,  and n e o a b i e t i c  a c i d  
used  i n  t h i s  s tudy  were k i n d l y  p r o v i d e d  by D r .  Duane F.  Z i n k l e ,  USDA 
F o r e s t  P r o d u c t s  L a b o r a t o r y ,  M e d i s o n ,  W i s c o n s i n .  The d i a z o m e t h a n e  
g e n e r a t o r  and i t s  p r e c u r s o r  i . e . ,  N - m e t h y l - N - n i t r o s o - N - n i t r o g u a n i d i n e  
were p u rc h a s e d  from th e  A l d r i c h  Chemical Company.
A l l  g la ssw are  was c l eaned  by f i r s t  soak ing  i n  d e t e r g e n t  o v e r n i g h t ,  
t h e n  r i n s i n g  w i t h  d e i o n i z e d  w a t e r  and soak ing  i n  Chem Solv o v e r n i g h t .  
G lassware  was th e n  s u c c e s s i v e l y  r i n s e d  w i t h  hot  w a t e r ,  3 N h y d r o c h l o r i c  
a c i d ,  h o t  w a t e r ,  co ld  w a te r ,  and d e i o n i z e d  w a t e r .  A f t e r  a i r  d r y i n g ,  i t
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was r i n s e d  w i th  ace tone  and baked a t  250°C o v e r n i g h t  o r  a t  400°C f o r  4 
h o u r s .  The c l e a n e d  g la s s w a re  was capped or wrapped w i th  aluminum f o i l  
u n t i l  u sed .  J u s t  b e f o r e  u s e  t h e  c l e a n e d  g l a s s w a r e  was s u c c e s s i v e l y  
r i n s e d  w i th  a c e t o n e ,  m e th a n o l ,  t o l u e n e ,  and m e thy lene  c h l o r i d e .
The GC a n a l y s e s  w e r e  p e r f o r m e d  on a m o d i f i e d  V a r i a n  2700 g a s  
c h r o m a t o g r a p h  e q u i p p e d  w i th  Grob ty p e  s p l i t / s p l i t l e s s  i n j e c t o r  and FID 
d e t e c t o r .  G la s s  c a p i l l a r y  columns a p p ro x im a te ly  2 0 -3 0  m e t e r s  l o n g  and  
0 . 2 8 - 0 . 3 3  mm ID ,  p r e p a r e d  i n  t h i s  l a b o r a t o r y  were u s e d .  The columns 
were d e a c t i v a t e d  w i th  HMDS ( h e x a m e th y l d i s i l a z a n e )  and s t a t i c a l l y  c o a t e d  
w i t h  SE-52 (G ro b  and G ro b ,  1979;  Godefroot  e t  a l . ,  1980) .  The GC was 
c o n n e c te d  t o  a s t r i p  c h a r t  r e c o r d e r  and t o  a H e w l e t t  P a c k a r d  3354B 
l a b o r a t o r y  c o m p u te r  s y s t e m .  A 10 jul H a m i l t o n  s y r i n g e  was u s e d  t o  
d e l i v e r  the sample i n t o  t h e  GC sys tem .
S e v e r a l  d i f f e r e n t  SE-52 c o a t e d  c o lu m n s  were  u s e d  in  t h e  GC 
a n a l y s e s .  Helium was u sed  as the  c a r r i e r  gas  a n d  t h e  t e m p e r a t u r e  was 
programmed f r o m  7 5 -280°C  a t  a r a t e  o f  6°C /m in .  The c a r r i e r  gas f low 
r a t e  was o p t im iz ed  by v a r y i n g  p r e s s u r e .  I n j e c t i o n s  were s p l i t l e s s  (Grob 
and Grob,  1978) and were made r a p i d l y  a s  Boon a s  t h e  n e ed le  was i n s e r t e d  
i n t o  t h e  i n j e c t o r  p o r t .  The i n j e c t o r  t e m p e r a t u r e  was m a i n t a i n e d  a t  
280°C .  The o u tp u t  s i g n a l  was i n t e g r a t e d  over h a l f - s e c o n d  i n t e r v a l s  and 
d i g i t i z e d  by HP 18652A A/D C o n v e r t e r s .  D i g i t i z e d  d a t a  w e re  i n t e g r a t e d  
by t h e  sy s tem  and s t o r e d  on a m agne t ic  d i s k .  Programs w r i t t e n  in  BASIC 
language  were u sed  to  f u r t h e r  p r o c e s s  t h e  i n t e g r a t e d  d a t a .
The GC-MS a n a l y s e s  were  p e r f o r m e d  on a modif ied  V ar ian  2700 GC 
c o n n e c t e d  t o  a Dupont 21-492B  m ass  s p e c t r o m e t e r .  G l a s s  c a p i l l a r y  
columns p r e p a re d  th e  same way as t h o s e  uBed in  t h e  GC a n a l y s e s  were u sed  
in  t h e  GC-MS a n a l y s e s .  Mass s p e c t r a  w ere  o f  t h e  e l e c t r o n  im p a c t  ( E l )
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t y p e  and th e  source  was o p e ra t e d  a t  an i o n i z a t i o n  v o l t a g e  o f  70 eV. The 
mass s p e c t r a  were r e c o rd e d  in  t h e  mass ra n g e  m/e 5 0 - 5 0 0  a t  a s c a n  r a t e  
o f  1 s e c / d e c a d e  (1 s c a n / 2 . 8  s e c o n d ) .  A Dupont 21-094B da ta  system w i th  
a m agnet ic  d i s k  was used  t o  s t o r e  and m a n ip u la te  t h e  d a t a .
2 . 4  A n a l y t i c a l  Methods and P rocedu res
There  a r e  s i x  major  s t e p s  i n  th e  p r r o c e d u r e  u s e d  t o  a n a l y z e  t h e  
KPPME, w a t e r ,  and sed im ents  f o r  r e s i n  a c i d s ,  a l i p h a t i c  hydroca rbons ,  and 
a r o m a t i c  h y d r o c a r b o n s .  They a r e :  ( 1 )  t h e  e x t r a c t i o n  w i t h  o r g a n i c  
s o l v e n t s ,  (2)  t h e  s e p a r a t i o n  o f  a c i d s  from b a B e - n e u t r a l  compounds u s in g  
an a l k a l i n e  p a r t i t i o n i n g  w i th  me thy lene  c h l o r i d e ,  (3)  the  s e p a r a t i o n  o f  
r e s i n  a c i d s  f ro m  f a t t y  a c i d s ,  (4 )  th e  m e th y la t i o n  o f  r e s i n  a c i d s ,  (5)  
t h e  s e p a r a t i o n  o f  t h e  b a B e - n e u t r a l  f r a c t i o n  i n t o  a l i p h a t i c  and a r o m a t i c  
h y d r o c a r b o n  f r a c t i o n s  u s in g  column chromatography w i t h  s i l i c a  g e l ,  and 
(6)  th e  i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  th e  compounds us ing  GC and /o r  
GC-MS. Excep t  f o r  t h e  e x t r a c t i o n  s t e p ,  t h e  methods used  to  a n a ly z e  th e
KPPME and sed im ents  a r e  s i m i l a r .  The method used t o  a n a l y z e  t h e  w a t e r
s a m p l e s ,  h o w e v e r ,  c o n s i s t e d  o f  s t e p  1 ,  s t e p  2 ,  and  s t e p  6 due t o  
r e l a t i v e l y  low c o n c e n t r a t i o n s  o f  t h e  compounds c o m p a r e d  t o  t h o s e  
p r e s e n c e  i n  t h e  KPPME and s e d i m e n t s .  B ecause  o f  d i f f e r e n c e s  in  th e  
sam ples ,  t h e  d e t a i l e d  m e th o d s  u s e d  t o  a n a l y z e  t h e  KPPME, w a t e r ,  and 
sed im ents  a r e  g iven  s e p a r a t e l y  below:
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2 . 4 . 1  Method Used to  Analyze KPPME Samples
A m o d i f i e d  l i q u i d - l i q u i d  e x t r a c t i o n  o f  an a c i d i f i e d  sample was
u s e d  to  e x t r a c t  o rg an ic  compounds from t h e  KPPME. The p r o c e d u r e  u s e d
was m od i f ied  from t h a t  recommended by th e  NCASI (1972,  1975) .  Methylene 
c h l o r i d e  was u sed  as t h e  e x t r a c t i n g  s o l v e n t .
I n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  o f  f i l t r a t i o n  and pH on the 
c o n c e n t r a t i o n s  o f  r e s i n  a c i d s ,  t h e  f i l t e r e d  ( s a m p l e s  ED and FED) and 
u n f i l t e r e d  (sample  EWO) secondary  e f f l u e n t s  were an a ly z e d .  In  o r d e r  to  
d e te rm in e  t h e  e f f e c t  o f  s to rag e  t im e  on t h e  c o n c e n t r a t i o n s  o f  t h e  key  
com pounds ,  t h e  s a m p l e s  t h a t  had  been  s to r e d  i n  a co ld  room f o r  1 week 
( s a m p l e s  IWl and  EWl) ,  2 weeks ( s a m p l e s  IW2 and  EW2), and 4 w e e k s  
( s a m p l e s  IW4 a n d  EW4) w e re  a n a l y z e d .  Moreover,  t h e  samples t h a t  had 
b e e n  s t o r e d  i n  a f r e e z e r  f o r  4 weeks ( samples  IWF4 and  EWF4) w e re  a l s o  
a n a l y z e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  s t o r a g e  t e m p e r a t u r e  on t h e  
c o n c e n t r a t i o n s  o f  the  key compounds.
A) E x t r a c t i o n  and Sepa r a t i o n  P r o c e d u r e s :
1)  Two h u n d r e d  and f i f t y  ml o f  t h e  KPPME i n  a 500  ml
s e p a r a t o r y  f u n n e l  was a c i d i f i e d  w i th  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  to
pH 3 .  A c id  a d d i t i o n  was  made d r o p w i s e  t o  d e c r e a s e  p o s s i b i l i t y  o f  
i s o m e r i z a t i o n  o f  the  r e s i n  a c i d s .
2) The sample was e x t r a c t e d  w i t h  100 ml m e t h y l e n e  c h l o r i d e ,  
s h a k i n g  t h e  fu n n e l  v ig o r o u s ly  f o r  1 m inu te .  The c o n t e n t s  of  t h e  fu n n e l  
were  al lowed t o  s e t t l e  f o r  a t  l e a s t  12 hours  due t o  t h e  d e v e l o p m e n t  o f  
s e v e r e  e m u l s i o n s .  During t h i s  p e r i o d  th e  fu n n e l  was g e n t l y  t i l t e d  back 
and f o r t h  a few t imes  t o  he lp  in  t h e  s e p a r a t i o n  o f  th e  two l a y e r s .
3)  The m e t h y l e n e  c h l o r i d e  l a y e r  was decan ted  th rough sodium 
s u l f a t e  i n t o  a 250 ml Erlenmeyer f l a s k .  The em uls ions  were e x c lu d ed .
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4) S t e p s  2 and 3 w e re  repea ted  w i t h  50 ml m e thy lene  c h l o r i d e  
and th e n  S tep 2 was r e p ea ted  w i t h  50 ml m e th y le n e  c h l o r i d e .  The m ix tu r e  
was a l lowed t o  s e t  in  the s e p a r a t o r y  funne l  f o r  a t  l e a s t  12 hou rs .
5) J u s t  b e fo re  s e p a r a t i n g  the m e th y le n e  c h l o r i d e  l a y e r ,  10 ml 
o f  e x t r a c t e d  w a t e r  and 20 m l  methylene c h l o r i d e  were added t o  he lp  i n  
t h e  s e p a r a t i o n  o f  t h e  two l a y e r s .  The  m e t h y l e n e  c h l o r i d e  l a y e r  
i n c l u d i n g  th e  e m u ls ions ,  was d eca n ted  th r o u g h  sodium s u l f a t e  i n t o  a 250 
ml Erlenmeyer f l a s k .  The sod ium s u l f a t e  was washed w i th  10 ml methylene 
c h l o r i d e  which was added to  t h e  fu n n e l .
6) The aqueous l a y e r  remain ing i n  t h e  f u n n e l  w as  d i s c a r d e d .  
The fu n n e l  was s u c c e s s i v e l y  washed  with h o t  w a t e r ,  cold w a t e r ,  d e io n iz e d  
w a t e r ,  and ac e to n e  b e fo re  t r a n s f e r r i n g  the  combined m e t h y l e n e  c h l o r i d e  
e x t r a c t  b a c k  i n t o  t h e  f u n n e l .  The Er lenmeyer  f l a s k  was r i n s e d  w i th  10 
ml methylene  c h l o r i d e .
7) T w en ty  ml o f  5% (w:w) so d iu m  hydroxide  was added to  t h e  
e x t r a c t  i n  t h e  f u n n e l .  A f t e r  s h a k in g  v i g o r o u s l y  f o r  1 m i n u t e  t h e  
m i x t u r e  was a l lo w ed  to  s e t t l e  about  1 h o u r .  Ten ml e x t r a c t e d  wate r  was 
g e n t l y  added t o  t h e  funnel  j u s t  be fo re  s e p a r a t i n g  the  two l a y e r s .
8 )  The m e t h y l e n e  c h l o r i d e  l a y e r  w a B  decanted  th rough  sodium 
s u l f a t e  i n t o  an  E r l e n m e y e r  f l a s k .  T h i s  i s  c a l l e d  t h e  b a s e - n e u t r a l  
f r a c t i o n  which,  a f t e r  c o n c e n t r a t i o n ,  was r e a d y  fo r  f u r t h e r  s e p a r a t i o n  by 
s i l i c a  g e l  column chromatography as  d e s c r ib e d  i n  s e c t i o n  D.
9) The r e m a i n i n g  a q u e o u s  l a y e r  w a s  a c i d i f i e d  to  pH 3 w i th  
c o n c e n t r a t e d  h y d r o c h lo r i c  a c i d  and was b a c k - e x t r a c t e d  t w i c e  w i t h  20 ml  
and 10 ml m e thy lene  c h l o r i d e .
10) The methylene c h l o r i d e  l a y e r  w a s  d e c a n t e d  i n t o  a 50 ml 
t e s t  t u b e .  T h e  s a m p l e  w a s  e v a p o r a t e d  t o  1 ml u n d e r  a s t r e a m  o f
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n i t r o g e n .  T h i s  f r a c t i o n  i s  c a l l e d  t h e  a c i d  f r a c t i o n .  I t  was  t h e n  
s u b j e c t e d  t o  t h e  i s o l a t i o n  a n d  m e t h y l a t i o n  s t e p s  a s  d e s c r i b e d  in  
s e c t i o n s  B and C.
B) I s o l a t i on o f  Resin A c id s  from B a t t y  A c i d s : I n  o rder  t o  ensure
t h e  s e p a r a t i o n  o f  m e th y l  a r a c h i d a t e  (n . -C 2 0 :0 )  a n d  m e th y l  d e h y d r o -  
a b i e t a t e ,  an i s o l a t i o n  o f  r e s i n  a c i d s  f ro m  f a t t y  a c i d  was co n d u c ted .  
S e l e c t i v e  m e t h y l a t i o n  of  f a t t y  a c i d s  w i t h  2% ( v : v )  s u l f u r i c  a c i d -  
m e t h a n o l  a s  d e s c r i b e d  by L e a c h  and T h a k o r e  ( 1 9 7 3 )  was e m p l o y e d .  
However,  t h e  p r o c e d u r e  was m o d i f i e d  t o  r e d u c e  t h e  r e f l u x i n g  t i m e  and 
s i m p l i f y  t h e  method.  The m o d i f i e d  p rocedu re  used  i n  t h i s  s tudy i s  given 
below:
1) Two t o  four ml o f  2% s u l f u r i c  a c id -m e th a n o l  were added to  
th e  a c i d  f r a c t i o n  sample tube .  The tube was th e n  s to p p e r e d ,  and  h e a t e d  
i n  a  Knudsen tube  h e a t i n g  u n i t  a t  50°C f o r  30 m i n u t e s . Five  to  10 ml of  
e x t r a c t e d  w ate r  was added to  s t o p  th e  r e a c t i o n .  The pH of  t h e  s o l u t i o n  
was a d j u s t e d  to  pH 11 with  5 N sodium h y d r o x id e .
2)  The s o l u t i o n  was  e x t r a c t e d  t w i c e  w i t h  10 ml m e t h y l e n e  
c h l o r i d e .  The m e t h y l e n e  c h l o r i d e  l a y e r  was  s e p a r a t e d  and p l a c e d  in  
a n o t h e r  50 ml t e s t  t u b e  u s i n g  a d i s p o s a b l e  p i p e t t e .  The m e t h y l e n e  
c h l o r i d e  l a y e r  was  washed t w i c e  w i t h  5 ml  e x t r a c t e d  w a te r .  The wash 
w a te r  was combined w i t h  the aqueous  l a y e r .
3)  The m e t h y l e n e  c h l o r i d e  l a y e r  was e v a p o r a t e d  t o  d ryness  
under  a  s t r eam  o f  n i t r o g e n  j u s t  b e f o r e  a d d i t i o n  o f  t o l u e n e  as t h e  f i n a l  
s o l v e n t .  This  f r a c t i o n  iB c a l l e d  t h e  f a t t y  a c i d  methyl  e s t e r  f r a c t i o n .
4) The combined aqueous l a y e r  from Step 2 was a c i d i f i e d  t o  pH 
3 w i t h  c o n c e n t r a t e d  h y d r o c h lo r i c  a c i d  and was b a c k - e x t r a c t e d  t w i c e  with
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10 ml methylene c h l o r i d e .  The com bined  m e t h y l e n e  c h l o r i d e  l a y e r  was 
washed w i th  10 ml e x t r a c t e d  w a t e r .  The waBh w a te r  was d i s c a r d e d .
5) The m e t h y l e n e  c h l o r i d e  l a y e r  was e v a p o r a t e d  t o  d r y n e s s  
u n d e r  a s t r e a m  o f  n i t r o g e n  j u s t  b e f o r e  a d d i t i o n  of  to l u e n e  a s  t h e  f i n a l  
s o l v e n t .  This  f r a c t i o n  i s  c a l l e d  th e  f r e e  r e s i n  a c i d  f r a c t i o n  r eady  f o r  
m e t h y l a t i o n  w i th  d ia z o m e th a n e .
C) M e t h y l a t i o n  o f  R e s i n  Ac i d s  w i t h  D i a z o m e t h a n e ; F r e s h l y  
p r e p a r e d  d i a z o m e t h a n e  i s  r e q u i r e d  t o  m e t h y l a t e  r e s i n  a c i d s .  A sm al l  
diazomethane g e n e r a t o r  developed  by F a l e s  e t  a l .  (1973) was used  in  t h i s  
s t u d y .  The u n i t  i s  a c l o s e d  system g e n e r a t o r  which can produce  about  
5-6 ml o f  s a t u r a t e d  d i a z o m e t h a n e  i n  e t h e r  s o l u t i o n .  The g e n e r a t o r  
c o n s i s t s  o f  two g l a s s  t u b e s  f i t t e d  t o g e t h e r  w i t h  a c l e a r  s e a l  g l a s s  
j o i n t .  The a p p a r a t u s  i s  s c h e m a t i c a l l y  shown i n  F i g u r e  2 . 5 .  When 
f o l l o w i n g  t h e  p r o c e d u r e  recommended by F a le s  e t  a l .  ( 1973 ) ,  le a k a g e  o f  
t h e  d i a z o m e t h a n e  g a s  f ro m  t h e  g e n e r a t o r  was f r e q u e n t l y  o b s e r v e d .  
T h e r e f o r e ,  a smal l  t e f l o n  tu b e  of  a p p ro x im a te ly  8 cm le n g th  waB i n s e r t e d  
i n t o  t h e  top  h o le  o f  t h e  i n n e r  tube  t o  d e l i v e r  th e  diazomethane from t h e  
i n n e r  t u b e  t o  c o l d  e t h e r  i n  t h e  o u t e r  t u b e .  Back-syphoning o f  e t h e r  
s o l u t i o n  in t o  t h e  i n n e r  tu b e  was o b s e rv e d  when t h e  t u b e  was subm erged  
i n t o  t h e  e t h e r  s o l u t i o n .  I t  was found t h a t  t h e  end o f  th e  tu b e  should  
remain  j u s t  above th e  e t h e r  s o l u t i o n .  The use o f  e t h y l  e t h e r  i n t r o d u c e d  
a r t i f a c t s  i n t o  th e  methyl  e s t e r  f r a c t i o n s .  P e t ro leum  e t h e r  was found t o  
be t h e  b e t t e r  s o l v e n t  and was used in  t h i s  s tudy .
oMNNG
^ y
T e f l o n  tube
Glass
j o i n t
I c e  Ba th
Pet ro leum e t h e r
F ig u re  2 . 5  Schematic  d iagram o f  diazomethane g e n e r a to r .
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T h i s  method h a s  the  a b i l i t y  to  g e n e r a t e  f r e s h  d ia zom e thane  w i t h i n  
30 m i n u t e s  i n  a s i m p l e  m a n n e r .  H ow e ve r ,  t h e  m a j o r  drawback o f  t h i s  
m ethod  i s  t h e  p o t e n t  m u t a g e n i c i t y  o f  t h e  N - m e t h y 1 - N - n i t r o s o - N -  
n i t r o g u a n i d i n e  (MNNG) u sed  a s  t h e  p r e c u r s o r .  Th is  problem was taken  
c a r e  o f  b y  c a r e f u l l y  h a n d l i n g  t h e  c o m p o u n d  a n d  c o n d u c t i n g  t h e  
p r e p a r a t i o n  i n  a  h o o d .  The p r o c e d u r e  f o r  g e n e r a t i n g  d iazomethane i s  
given  be low:
1) A p p r o x i m a t e l y  0 . 1  gm of  t h e  MNNG was p l a c e d  in  t h e  inne r  
tube t h r o u g h  i t s  s c re w  cap open ing  along w i t h  0 .5  ml o f  e x t r a c t e d  w a t e r  
t o  d i s s i p a t e  any h e a t  g e n e r a t e d .  The cap  was s ea le d  w i t h  a new ru b b e r  
septum.
2) S ix  ml o f  p e t r o l e u m  e t h e r  was  added  t o  t h e  o u t e r  tube 
b e fo re  i n s e r t i n g  t h e  in n e r  tu b e  i n  p l a c e .  The two tu b e s  a r e  h e ld  w i t h  a 
p i n c h - t y p e  clamp and  t h e  u n i t  was p laced  i n  an ice  b a t h .
( 3 )  A p p r o x i m a t e l y  8 ml o f  5 N sodium h y d r o x i d e  was added  
d r o p w i s e  th rough  t h e  rubber  septum 6ea led  cap in to  t h e  in n e r  tu b e  u s in g  
a 10 ml  a i r - t i g h t  s y r i n g e .  The  a d d i t i o n  h a s  t o  b e  made s l o w l y  t o  
p reven t  p r e s s u r e  b u i l d u p .
4 )  The u n i t  was a l lo w ed  to  s t a n d  f o r  30 m i n u t e s .  The p r e s e n c e  
o f  y e l l o w  c o l o r  i n  t h e  e t h e r  s o l u t i o n  i n d i c a t e s  d i a z o m e t h a n e .  The 
d iazomethane s o l u t i o n  can be s t o r e d  in  a f r e e z e r  o v e r n i g h t .
5) The f r e e  r e s i n  a c i d  f r a c t i o n  was  m e th y la ted  by adding  1 -1 .5  
ml o f  n e w l y  p r e p a r e d  d i a z o m e t h a n e .  A f t e r  15 m i n u t e s ,  e x c e s s  
d i a z o m e t h a n e  was e v a p o r a t e d  a n d  th e  s o l v e n t  was changed  to  t o l u e n e .  
This  f r a c t i o n  i s  c a l l e d  the r e s i n  ac id  m e th y l  e s t e r  f r a c t i o n .
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C o m p l e t e n e s s  o f  t h e  m e t h y l a t i o n  was  r o u t i n e l y  c h e c k e d  by 
r e m e t h y l a t i n g  t h e  s a m p l e s ,  e s p e c i a l l y  t h o s e  c o n t a i n i n g  h i g h  
c o n c e n t r a t i o n s  o f  r e s i n  a c i d s .
D) S e p a r a t i o n  o f  A l i p h a t i c  and Aromatic H ydrocarbons : The method
u s e d  t o  s e p a r a t e  a l i p h a t i c  and  a r o m a t i c  h y d r o c a r b o n s  i n  a n e u t r a l  
f r a c t i o n  was s i m i l a r  t o  t h a t  u s e d  b y  S m i t h  e t  a l .  ( 1 9 7 9 ) .  The  
p ro c e d u re  i s  g i v e n  as  fo l l o w s :
1) The g l a s s  column ( 1 . 0  cm ID and 30 cm long) was c l e a n e d  by 
s u c c e s s i v e l y  w a s h i n g  w i t h  a c e t o n e ,  methano l ,  t o l u e n e ,  and hexane .  I t  
was t h e n  packed w i t h  a wet s l u r r y  o f  a c t i v a t e d  s i l i c a  g e l  ( a c t i v a t e d  a t  
130°C over n i g h t ) .  The column was tapped  o c c a s i o n a l l y  to  g e t  r i d  o f  a i r  
b u b b le s  and t o  s e t t l e  the  packed b e d .  A f t e r  a packed bed o f  17 .5  cm was 
o b t a i n e d ,  a p p r o x i m a t e l y  1 cm o f  sodium s u l f a t e  was added t o  t h e  top  to  
a d s o rb  any t r a c e  w a t e r  in  the  sample and t o  s t a b i l i z e  t h e  p a c k e d  b e d .  
For  t h e  column u s e d  on sediment s am p les ,  app rox im a te ly  1 cm o f  a c t i v a t e d  
copper  was added on top  o f  the  sodium s u l f a t e  l a y e r  t o  g e t  r i d  o f  t h e  
e l e m e n t a l  s u l f u r .  The p a c k e d  bed was then  washed w i th  a t  l e a s t  40 ml 
hex an e .
2)  The sample in  2 ml o f  hexane  was a p p l i e d  to  t h e  to p  of  the  
column fol lowed  by 1 ml o f  hexane u sed  t o  r i n s e  t h e  s am p le  t u b e .  The 
f i r s t  5 ml o f  t h e  e l u a t e  was d i s c a r d e d  b e f o r e  e l u t i n g  t h e  column 
s u c c e s s i v e l y  w i th  t h e  fo l lo w in g  s o l v e n t s :
1) 15 ml hexane — r e f e r r e d  t o  as t h e  f r a c t i o n  F l
2) 30 ml 40:60  (v :v )  hexane-benzene  — f r a c t i o n  F2
These  two f r a c t i o n s  were  a n a ly z e d  by GC and were r e f e r r e d  to  as 
t h e  a l i p h a t i c  h y d r o c a r b o n  a n d  a r o m a t i c  h y d r o c a r b o n  f r a c t i o n s ,  
r e s p e c t i v e l y .
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2 . 4 .2  Method Used to  Analyze  E s t u a r i n e  Water Samples
Due t o  the  l a r g e  amount o f  w a te r  needed f o r  t h i s  a n a l y s i s ,  l i q u i d -  
l i q u i d  e x t r a c t i o n  u s in g  a s e p a r a t o r y  f u n n e l  was n o t  p r a c t i c a l .  I n s t e a d  
a 1 - g a l l o n  s o lv e n t  b o t t l e  was employed.  The p ro c e d u re  was as f o l l o w s :
1) Three and a h a l f  l i t e r s  o f  t h e  sam ple  i n  a c l e a n  s o l v e n t  
b o t t l e  w as  a c i d i f i e d  t o  pH 3 w i th  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d .  One 
hundred and f i f t y  ml of  methylene  c h l o r i d e  and a m a g n e t i c  s t i r r e r  b a r  
were  a d d e d  t o  t h e  b o t t l e .  A f t e r  s h a k i n g  the  b o t t l e  v ig o ro u s ly  f o r  1 
minute t h e  magnetic  s t i r r e r  was tu rn e d  on f o r  24 h o u r s .  A t h i c k  p i e c e  
o f  p a p e r  was  p l a c e d  b e t w e e n  t h e  b o t t l e  and  t h e  m a g n e t i c  s t i r r e r  t o  
p reven t  h e a t  t r a n s f e r .
2)  The m i x t u r e  was a l l o w e d  t o  s e t t l e  f o r  6 h o u r s  b e f o r e  
s iphoning  a bou t  3 /4  o f  t h e  w a te r  l a y e r  i n t o  a n o th e r  c l e a n  b o t t l e  u s i n g  a 
t e f l o n  t u b e .  The r e m a i n i n g  w a t e r  a n d  m e thy lene  c h l o r i d e  m ix tu re  was 
t r a n s f e r r e d  t o  a 1 l i t e r  s e p a r a t o r y  f u n n e l .  Twenty  f i v e  ml m e t h y l e n e  
c h l o r i d e  was used to  r i n s e  th e  b o t t l e  and i t  was added t o  th e  s e p a r a t o r y  
f u n n e l .  The m ix ture  in  t h e  fu n n e l  was a l low ed  to  s t a n d  f o r  a t  l e a s t  6 
h ours .
3)  The methy lene  c h l o r i d e  l a y e r  was s e p a r a t e d  and t r a n s f e r e d  
t o  a 250  ml r o u n d  b o t t o m  f l a s k  and  was c o n c e n t r a t e d  on a r o t a r y  
e v a p o r a t o r  t o  a vo lum e  o f  a b o u t  20 m l .  The c o n c e n t r a t e d  m e t h y l e n e  
c h l o r i d e  w as  t r a n s f e r r e d  t o  a 50 ml t e s t  tu b e .  The round bottom f l a s k  
was r i n s e d  w i t h  10 ml m e th y le n e  c h l o r i d e  w h ic h  was t h e n  added t o  t h e  
tube .
4)  The combined methylene c h l o r i d e  was e x t r a c t e d  with  5 ml 5 % 
Bodium h y d r o x i d e .  The  t u b e  was a l l o w e d  to  s t a n d  f o r  a t  l e a s t  1 hour  
f o l l o w e d  by  s e p a r a t i o n  o f  t h e  two l a y e r s .  The a q u e o u s  l a y e r  w as
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s e p a r a t e d  t o  a 50 ml t e s t  t u b e  u s i n g  a d i s p o s a b l e  p i p e t t e  and  was 
a c i d i f i e d  to  pH 3 w i t h  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d .  I t  w as  t h e n  
b a c k - e x t r a c t e d  t w i c e  w i t h  10 ml m e t h y l e n e  c h l o r i d e .  The com bined  
m e t h y l e n e  c h l o r i d e  e x t r a c t  was  d r i e d  o v e r  s o d i u m  s u l f a t e  a n d  was 
e v a p o r a t e d  u n d e r  a  s t r e a m  o f  n i t r o g e n  and th e  s o l v e n t  was changed to  
t o l u e n e .  This  f r a c t i o n  i s  c a l l e d  t h e  a c i d  f r a c t i o n  and was a n a l y z e d  as  
f r e e  a c i d  by GC w i t h o u t  f u r t h e r  s e p a r a t i o n .
2 . 4 . 3  Method Used t o  Analyze Dry Sediment Samples
T h e r e  w e re  tw o  t y p e s  o f  d r y  s e d i m e n t  s a m p l e s  ana lyzed  i n  t h i s  
s t u d y .  The f i r s t  t y p e  was th e  sed im en ts  f rom  g r a b  s a m p l e s  w h i c h  were 
s i e v e d  t h r o u g h  a s e r i e s  o f  s c r e e n s  t o  minimize t h e  p o s s i b l e  e f f e c t  of  
g r a i n  s i z e  on t h e  e x t r a c t i o n  e f f i c i e n c y  o f  r e s i n  a c i d s .  S i x t y  t o  
s e v e n t y  p e r c e n t  o f  each  Bample c o n s i s t e d  of  p a r t i c l e s  between 1 . 0  mm and 
0 .1 2 5  mm. This f r a c t i o n  was s u b j e c t e d  to  a n a l y s i s .  The second t y p e  o f  
d r y  s e d i m e n t s  was  f r o m  t h e  c o r e  samples .  Due t o  t h e  r e l a t i v e l y  small  
amounts  o f  sed im ents  which  were a v a i l a b l e  f o r  a n a l y s i s  compared  t o  t h e  
g r a b  s e d i m e n t s ,  t h e s e  s a m p l e s  w e re  a n a l y z e d  as whole s e d im e n t s .  The 
p r o c e d u r e  employed was as f o l l o w s :
1) Dry sed im en t  (5-30  gm) was added to  a g l a s s  th im ble  and was 
s a t u r a t e d  w i th  2 :1  ( v : v )  m e t h y l e n e  c h l o r i d e - m e t h a n o l  t o  p r e v e n t  t h e  
s p l a s h i n g  of  sed im ent a t  th e  b e g in n in g  o f  th e  S o x h le t  e x t r a c t i o n .
2) The sample was S o x h l e t  e x t r a c t e d  w i t h  250 -350  ml o f  2 :1  
m e th y le n e  c h l o r i d e - m e th a n o l  f o r  24 h o u r s .  The e x t r a c t  was e v a p o ra te d  to  
d r y n e s s  us ing  a r o t a r y  e v a p o r a t o r .
3)  The r e s i d u e  was d i s s o l v e d  in  25 ml me thy lene  c h l o r i d e  and 
t r a n s f e r r e d  to  a 250 ml s e p a r a t o r y  f u n n e l .  The f l a s k  was t h e n  r i n s e d
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w i t h  5 ml m e t h y l e n e  c h l o r i d e .  F o r  s a m p l e s  weighing  < 15 gm, a 50 ml 
t e s t  tube  and h a l f  o f  t h e  r e a g e n t s  were u s e d .
4 )  The s a m p l e  was t h e n  e x t r a c t e d  w i th  10 ml 5% (w:w) sodium 
h y d ro x id e .  Due t o  t h e  development of  s ev e re  e m u l s i o n s ,  t h e  s a m p le  was 
al lowed t o  s e t  o v e r n i g h t .
5) F ive ml e x t r a c t e d  w a t e r  and 5-10 ml methy lene  c h l o r i d e  were 
g e n t l y  a d d e d  t o  t h e  t u b e  t o  h e l p  in  th e  s e p a r a t i o n  o f  t h e  two l a y e r s .  
The m e thy lene  c h l o r i d e  l a y e r  was decan ted  t o  a 50 ml t e s t  t u b e .  Ten  ml 
e x t r a c t e d  w a t e r  was  a d d e d  t o  w ash  t h e  e x t r a c t .  The wash  w a t e r  was 
combined w i t h  th e  aqueous  l a y e r .
6 )  The methy lene  c h l o r i d e  l a y e r  was d r i e d  over  sodium s u l f a t e  
and was e v a p o ra te d  a lm os t  to  d r y n e s s  under a s t r eam  o f  n i t r o g e n .  Two ml 
h e x a n e  w e r e  a d d e d .  Th i s  f r a c t i o n  was c a l l e d  th e  b a s e - n e u t r a l  f r a c t i o n  
and was r e a d y  f o r  f u r t h e r  s e p a r a t i o n  by s i l i c a  g e l  column chromatography 
as  d e s c r i b e d  i n  s e c t i o n  2 . 4 . 1  D.
7 )  The a q u e o u s  l a y e r  was  a c i d i f i e d  w i t h  c o n c e n t r a t e d  
h y d r o c h l o r i c  a c i d  t o  pH 3 and  was b a c k - e x t r a c t e d  t w i c e  w i t h  10 ml 
methylene c h l o r i d e .  The m e t h y l e n e  c h l o r i d e  l a y e r  was s e p a r a t e d  and  
p la ced  i n t o  a 50 ml t e s t  t u b e .  The s o lv e n t  was ev a p o ra te d  t o  1 ml under  
a  s tream o f  n i t r o g e n .  T h i s  f r a c t i o n  was c a l l e d  t h e  a c i d  f r a c t i o n  a n d  
was  r e a d y  f o r  t h e  i s o l a t i o n  a n d  m e t h y l a t i o n  s t e p s  a s  d e s c r i b e d  i n  
s e c t i o n s  2 . 4 . 1  B and C.
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2 . 4 . 4  The GC Analyses  and Data P r o c e s s in g
Q u a l i t a t i v e  and q u a n t i t a t i v e  a n a l y s e s  o f  r e s i n  a c i d s ,  a l i p h a t i c  
h y d r o c a r b o n s ,  a n d  a r o m a t i c  h y d r o c a r b o n s  w ere  c o n d u c t e d  by e i t h e r  
i n j e c t i n g  t h e  s a m p l e s  a l o n e  o r  c o i n j e c t i n g  t h e  s a m p l e s  w i t h  know n 
s t a n d a rd s  ( i n d i v i d u a l  o r  m i x t u r e s ) .  The methods used  f o r  i d e n t i f i c a t i o n  
and q u a n t i t a t i o n  o f  t h e  compounds were as f o l l o w s :
A) Res in  Acid  F r a c t i o n : Res in  a c i d  compounds were i d e n t i f i e d
by c o i n j e c t i n g  the  sample w i th  a m i x t u r e  o f  r e f e r e n c e  s t a n d a r d s  w h ic h  
w e r e  e i t h e r  m e t h y l  e s t e r s  o f  n - h e p t a d e c a n o i c  a c i d  ( r r - C l7 :0 )  o r  n -  
o c t a d e c a n o i c  a c i d  (n.-C18:0) o r  a m i x tu re  of  n -C17:0  ( 4 0  mg/L) , n_-C18:0 
(40  m g / L ) ,  and  i i -C 2 5 :0  (100  m g / L ) ,  B e c a u s e  o f  t h e  r e l a t i v e l y  h ig h  
p u r i t y  o f  p i m a r i c  a c i d  (90% p u r e ) ,  s a n d a r a c o p i m a r x c  (89% p u r e ) ,  
i s o p i m a r i c  a c i d  (97% p u r e ) ,  and d e h y d r o a b i e t i c  a c i d  (96% p u r e ) ,  t h e  
c o n c e n t r a t i o n s  of  t h e s e  compounds cou ld  be c a l c u l a t e d  u s i n g  the  a b s o l u t e  
r e s p o n s e  f a c t o r s  o f  t h e  a u t h e n t i c  s t a n d a r d s  i n j e c t e d  on the same day 
( t h e  ESTD m e thod ) .  The fo l lo w in g  fo rmula were u sed .
C x A.x J  x V F x A .x  J  x V
ESTD method: C. =         = ---------------------
1 A x J x W  J x Wa s  s
The s u b s c r i p t s  i ,  a ,  a n d  s r e p r e s e n t  t h e  compound i ,  t h e  a u t h e n t i c  
s t a n d a r d ,  and the  sample r e s p e c t i v e l y .
A = I n t e g r a t e d  peak a r e a ,  u V o l t - s e c ;
C = C o n c e n t r a t i o n  o f  th e  compounds, i n  mg/L o r  jug/g;
F = A bso lu te  r e s p o n s e  f a c t o r  of  a u t h e n t i c  s t a n d a r d  -  C /A ;8 8
J  = I n j e c t e d  volume,  in  n l ;
V = F in a l  volume o f  t h e  sample,  i n  ml;
W = Sample amount,  in  gm f o r  sediment and ml f o r  water  sample .
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The c o n c e n t r a t i o n  o f  a b i e t i c  a c i d  had  t o  be  c a l c u l a t e d  u s i n g  t h e  
r e s p o n s e  f a c t o r  o f  d e h y d r o a b i e t i c  a c i d .  This  i s  due to  t h e  r e l a t i v e l y  
low GC r e s p o n s e  t o  me thy l  a b i e t a t e  compared to  th e  o t h e r  r e s i n  a c i d s  and 
t h e  d i f f i c u l t y  i n  o b t a i n i n g  a h igh  p u r i t y  s t a n d a r d .  This  was j u s t i f i e d  
based on a p u b l i sh e d  r e p o r t  t h a t  th e  GC re s p o n s e  t o  m e t h y l  e s t e r s  o f  a 
h i g h l y  p u r i f i e d  a b i e t i c  a c i d  i s  s i m i l a r  t o  t h o s e  o f  p i m a r i c  a c i d ,  
s andaracop im ar ic  a c i d ,  i s o p im a r i c  a c i d ,  and d e h y d r o a b i e t i c  a c i d  ( F o s t e r  
and Z i n k e l ,  1 9 8 2 ) .  The c o n c e n t r a t i o n  o f  a b i e t i c  a c i d  was,  t h e r e f o r e ,
c a l c u l a t e d  us ing  t h e  fo l l o w in g  fo rmula :
C „ x A , x J x  V c   dha_ab___ dha
ab A ,, x  .T x Wdha s
The s u b s c r i p t s  ab ,  d h a ,  and s r e p r e s e n t  a b i e t i c  a c i d ,  d e h y d r o a b i e t i c
acid , and the Bample, r e sp e c t iv e ly .
B) A l i p h a t i c  Hydrocarbon F r a c t i o n : Compounds in  t h e  a l i p h a t i c
h y d r o c a r b o n  f r a c t i o n  were i d e n t i f i e d  u s in g  KOVAT i n d i c e s  (K ova ts ,  1958)
which u s e d  a s e t  of  i i - a lk a n e s  (n.-Cl4 to  n -C 31)  s t a n d a r d s  t o  e s t a b l i s h
r e l a t i v e  r e t e n t i o n  t i m e s .  Some o f  t h e s e  compounds were i d e n t i f i e d  by
comparing t h e i r  mass s p e c t r a  to  p u b l i s h e d  d a t a .  A m ix tu re  o f  i i - C l l  ( 2 4
m g /L ) ,  I1-C15 (6 m g / L ) ,  2 - r a e th y lo c t a d e c a n e  (20 mg/L),  2 -m e th y le ico s an e
(20 mg/L) ,  and c h o l e s t a n e  (40 mg/L) was used  as  t h e  c o i n j e c t e d  s t a n d a r d .
The c o n c e n t r a t i o n s  were  c a l c u l a t e d  u s in g  the  r e s p o n s e  f a c t o r  r e l a t i v e  to
2-m ethy le icosane  f o l l o w i n g  th e  fo rmula :
C x  A.x  J  x V
I  STD method: C. = —-------------------
1 A x  J  x Wr  s
The s u b s c r i p t s  i ,  r ,  and  b r e p r e s e n t  t h e  compound i ,  t h e  r e f e r e n c e  
s t a n d a r d ,  and t h e  s a m p l e  r e s p e c t i v e l y .  The symbols A, C, J ,  V, and W 
have th e  same meanings as th o s e  u sed  in  t h e  ESTD method.
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The c a r b o n  p r e f e r e n c e  inde x  (CPI) and th e  u n re s o lv e d  complex
m i x tu r e  (UCM) were  a l s o  c a l c u l a t e d .  The CPI was c a l c u l a t e d  i n  t h e  ii-C20 
t o  n_-C32 range  fo l l o w in g  th e  formula g ive n  by S im one i t  (1978) :
b a s e  p a r t  o f  t h e  r e s o l v e d  peaks f o r  a  p a r t i c u l a r  t im e  i n t e r v a l .  I t  can 
b e  m e a s u re d  b y  u s i n g  a p l a n im e t e r  o r  can be i n t e g r a t e d  e l e c t r o n i c a l l y .  
The  p a r a m e t e r s  u s e d  i n  t h e  i n t e g r a t i o n  w ere  c h e c k e d  t o  a s s u r e  t h e  
c o r r e c t  b a s e l i n e  and t h e  i n t e g r a t e d  peak a r e a s  whenever a l a r g e  UCM was 
p r e s e n t .  I n  t h i s  s t u d y ,  t h e  UCM was  c a l c u l a t e d  i n  t e r m s  o f  
c o n c e n t r a t i o n ,  u s i n g  t h e  i n t e g r a t e d  a r e a  o f  t h e  u n r e s o lv e d  enve lope 
o b t a i n e d  from t h e  BASIC program (U) and expressed  a s  fo l low s :
U x C x  J  x V 
UCM -  -------------------------
A x  J  x W r  s
^r* ^r*  ^ r  = ^n t e 8r a t e ^ peak  a r e a ,  c o n c e n t r a t i o n ,  and i n j e c t i o n  
volume of t h e  r e f e r e n c e  s t a n d a r d ,  r e s p e c t i v e l y ;
J  , V , W = I n j e c t i o n  volume, f i n a l  vo lume,  and w e i g h t  o f  t h eO
sam ple ,  r e s p e c t i v e l y .
C) A romatic  Hydrocarbon F r a c t i o n : Aromat ic  r e t e n t i o n  i n d i c e s
(A R l)  d e v e l o p e d  i n  t h i s  l a b o r a t o r y  ( B i e r i  e t  a l . ,  1981) were  used  to  
i d e n t i f y  t h e  c om pounds .  Some o f  t h e s e  compounds were  c o n f i r m e d  by 
c o m p a r i n g  t h e i r  m a s s  s p e c t r a  t o  p u b l i s h e d  d a t a .  The compound 
c o n c e n t r a t i o n s  w ere  c a l c u l a t e d  r e l a t i v e  t o  1 ,  l " - b i n a p t h y l  ( 2 0  mg/L) 
u s i n g  t h e  ISTD m e t h o d .  O r i g i n a l l y ,  t h e  samples were c o i n j e c t e d  with
CPI
15
2 i=10 C(2i+1)
20- 32 ~ 15 15
The UCM i s  an  e n c l o s e d  enve lope  o b t a i n e d  from c o n n e c t in g  the
l , l ' - b i n a p t h y l .  L a t e r ,  a m i x t u r e  o f  b i p h e n y l  (20 m g / L ) ,  h e x a c h l o r o -  
b i p h e n y l  ( 2 0  m g / L ) ,  and  1 , l ' ' - b i n a p t h y l  ( 2 0  mg/L) was  used a s  t h e  
c o i n j e c t e d  s t a n d a r d .  The UCM i n  t h e  a ro m a t ic  h y d r o c a r b o n  f r a c t i o n  w a s  
c a l c u l a t e d  t h e  same manner  a s  t h o s e  i n  t h e  a l i p h a t i c  h y d r o c a r b o n  
f r a c t i o n .
2 . 5 . 5  R e p r o d u c i b i l i t y  and R e c o v e r y  o f  R e s i n  A c id s  A n a ly z e d  by t h e  
Methods
A) GC Ana l y s i s  o f  R e s i n  A c id  S t a n d a r d s : F i g u r e  2 .6  shows a
t y p i c a l  gas  chromatogram of  t h e  r e s i n  ac id  s t a n d a r d s  ( a s  m e thy l  e s t e r s )  
u s e d  i n  t h i s  s t u d y .  C o n c e n t r a t i o n s  of  t h e  s t a n d a rd  compounds were 40 
mg/L p i m a r i c  a c i d  ( P ) , 20 mg/L s a n d a r a c o p i m a r i c  a c i d  ( S ) ,  40 m g / L  
i s o p i m a r i c  a c i d  ( I ) ,  40  m g / L  d e h y d r o a b i e t i c  a c i d  ( D ) ,  40 m g /L  
a b i e t i c a c i d  ( A ) ,  and  40 mg/L n e o a b i e t i c  a c i d  (N) . V a r i a t i o n s  i n  
r e l a t i v e  r e t e n t i o n  t im es  and GC re sponses  w e re  de te rm ined  from the  d a t a  
c o l l e c t e d  over  1 y ea r  p e r i o d .  R e p r o d u c i b i l i t y  o f  the r e l a t i v e  r e t e n t i o n  
t i m e s  r e l a t i v e  t o  m e t h y l  ii- C 1 7 : 0 ,  n-C18:0 ,  and p im a ra te  a r e  > 99% f o r  
a l l  t h e  columns t e s t e d  ( s e e  T ab le  A4.2 ,  Appendix  IV) . The  GC r e s p o n s e  
t o  m e t h y l  a b i e t a t e  was  f o u n d  t o  be  2 . 5 - 3 . 5  f o l d  lo w er  than  th ose  t o  
p i m a r a t e ,  s a n d a ra c o p im a ra te ,  i s o p i m a r a t e ,  and d e h y d r o a b i e t a t e . T h i s  i s  
thought t o  be due to  i m p u r i t i e s  o f  compounds which  cannot  be analyzed by  
GC t e c h n i q u e s  u s e d  i n  t h i s  s t u d y .  The com pounds  may be  o x i d a t i o n  
p r o d u c t s  o f  a b i e t i c  a c i d .  R e p r o d u c i b i l i t y  o f  the GC responses  o f  t h e  
s t a n d a rd  i n j e c t e d  on t h e  same day  was > 80% ( s e e  T a b l e  A 4 . 1 ,  A p p e n d ix
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F i g u r e  2 .6  T y p i c a l  gas chromatogram o f  r e s i n  a c i d  s t a n d a r d s  ( a s  methyl
e s t e r s ) .  C17, C18,  C25 a r e  m e th y l  e s t e r s  o f  o -C17 :0 ,  n - C l 8 : 0 ,  
and n-C25:0 f a t t y  a c i d s  used  a s  c o i n j e c t e d  s t a n d a r d s ;  and
P = 40 mg/L P i m a r i c  ac id ;
S = 20 mg/L S a n d a rac o p im ar ic  a c i d ;
I  = 40 mg/L I s o p i m a r i c  a c i d ;
D = 40 mg/L D e h y d r o a b ie t i c  a c i d ;
A -  40 mg/L A b i e t i c  ac id  ( im p u r e ) ;
N = 40 mg/L N e o a b i e t i c  a c i d  ( i m p u r e ) .
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B) The KPPME A n a l y s i s : P e r c e n t  r e c o v e ry  o f  r e s i n  a c i d s  a n a ly z e d  
was de te rm ined  by a d d i n g  known c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  t o  t h e  
p r e e x t r a c t e d  w a t e r  and th e  KPPME sam ples .  P e r c e n t  r e c o v e r i e s  o f  > 68% 
f o r  p i m a r i c  a c i d ,  s a n d a r a c o p i m a r i c  a c i d ,  i s o p i m a r i c  a c i d ,  a n d  
d e h y d r o a b i e t i c  a c i d  w e r e  o b t a i n e d  w i t h  t h e  m e th o d  ( T a b l e  2 . 2 ) .  
R e p r o d u c i b i l i t i e s  f o r  t h e s e  f o u r  r e s i n  a c i d s  (Tab le  2 . 3 )  were > 85% f o r  
a l l  t h e  samples  t e s t e d .  However, p e r c e n t  r e c o v e r i e s  o f  a b i e t i c  a c i d  and 
n e o a b i e t i c  a c i d  were low due t o  e i t h e r  i m p u r i t i e s  i n  t h e  s t a n d a r d s  o r  
t h e  d e g r a d a t i o n  o f  a b i e t i c  a c i d  and  n e o a b i e t i c  a c i d  c a u s e d  b y  t h e  
u t i l i z a t i o n  o f  2% s u l f u r i c  a c id -m e th a n o l  ( s ee  s e c t i o n  F in  Appendix IV ) .
C) E s t u a r i n e  Water  A n a l y s i s ; R e p r o d u c i b i l i t y  and r eco v e ry  y i e l d s  
o f  r e s i n  a c i d  compounds i n  e s t u a r i n e  w a t e r  s a m p l e s  ( T a b l e  2 . 4 )  w e re  
de te rm ined  by adding  known c o n c e n t r a t i o n s  o f  r e s i n  a c i d  s t a n d a rd s  i n t o  3 
l i t e r s  o f  d e i o n i z e d  w a t e r .  F o u r  r e p l i c a t e s  w e r e  e x t r a c t e d .  The 
e x t r a c t i o n s  f o l l o w e d  t h e  p r o c e d u r e  d e s c r i b e d  i n  s e c t i o n  2 . 4 . 2  e x c e p t  
t h a t  th e  m e thy lene  c h l o r i d e  e x t r a c t  from s te p  3 was s e p a r a t e d  i n t o  two 
a l i q u o t s .  T he  f i r s t  a l i q u o t  was a n a l y z e d  by GC w i t h o u t  f u r t h e r  
s e p a r a t i o n .  The second a l i q u o t  was s u b j e c t e d  t o  a l k a l i n e  p a r t i t i o n i n g  
fo l l o w in g  t h e  p rocedu re  i n  s t e p  4 .
R e p r o d u c i b i l i t y  o f  t h e  m e th o d  f o r  a n a l y z i n g  p i m a r i c  a c i d ,  
s a n d a r a c o p i m a r i c  a c i d ,  i s o p i m a r i c  a c i d ,  and  d e h y d r o a b i e t i c  a c i d  was 
found t o  be > 88%. R e c o v e r ie s  of  t h e s e  f o u r  r e s i n  a c i d s  range  f r o m  65% 
t o  83%. R e p r o d u c i b i l i t y  o f  t h e  method and r e c o v e r i e s  o f  a b i e t i c  a c i d  
and n e o a b i e t i c  a c i d  were much lower t h a n  th e s e  f o u r  r e s i n  a c i d s .
D) Dry S e d im e n t  A n a l y s i s ; Four r e p l i c a t e  sed im ent samples t a k e n  
from s t a t i o n  P3 were f o r t i f i e d  and a n a l y z e d  ( T a b l e  2 . 5 ) .  One o f  t h e
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s a m p l e  w a s  s p i k e d  w i t h  d e h y d r o a b i e t i c  a c i d  ( s a m p l e  P 3 # 4 S P ) . 
R e p r o d u c i b i l i t i e s  o f  > 83% were found f o r  a l l  r e s i n  a c i d s .
R e c o v e r i e s  o f  76% and 81% f o r  d e h y d r o a b i e t i c  ac id  (T ab le  2.5)  
were o b ta in e d  from t h e  s p i k e d - s a m p l e  a f t e r  e x t r a c t i o n  f o r  24  a n d  48 
h o u r s ,  r e s p e c t i v e l y .  However, a d d i t i o n  o f  t h e  r e s i n  a c i d  s t a n d a r d s  and 
2 , 2 >’- b i n a p h t h y l  i n t o  t h e  dry  sedim ent t a k e n  from Nansemond R i v e r ,  ab o u t  
77% r e c o v e r y  o f  d e h y d r o a b i e t i c  a c i d  a n d  l e s s  t h a n  40% r e c o v e r i e s  of  
o t h e r  r e s i n  a c i d s  w e r e  o b t a i n e d  ( T a b l e  2 . 6 ) .  R e c o v e r y  o f  99% was 
o b t a i n e d  f o r  2 , 2 ' - b i n a p h t h y l  from th e  a r o m a t i c  hydrocarbon  f r a c t i o n .
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Table 2 .6  Recovery o f  R es in  Acid S tan d a rd s  and 2 ,2 ' - B in a p h th y l  
from th e  Dry Sedim ent Taken from th e  Nansemond R ive r  
o f  th e  Method Used to  A nalyze Dry S ed im en ts .
Compounds C o n c e n t r a t i o n ,  u g /g  d ry  sedim ent
Amount
in
sample
Amount
added
Amount
e x t r a c t e d
P e rc e n t
r e c o v e ry
P im a r ic  a c id nd 3 .3 1 . 1 32
S an d araco p im ar ic  ac id nd 1 .3 0 .52 40
Is o p im a r ic  a c i d nd 1 .3 0 .45 34
D e h y d ro a b ie t ic  a c id 0 .05 3 .3 2 . 6 77
A b i e t i c  a c id nd 3 .3 0 .1 4 4
N e o a b ie t ic  a c i d nd 1 .3 0 . 2 0 15
2 ,2 ' - B i n a p th y l ^ nd 1.7 1 . 6 99
N otes: a  = 48 hour e x t r a c t i o n ;  nd = n o t  d e t e c te d ;  b = r e s u l t s
o b ta in e d  from a ro m a t ic  hydrocarbon  f r a c t io n *
CHAPTER 3
RESDLTS
The r e s u l t s  o b ta in e d  in  t h i s  s tu d y  in c lu d e  th e  i d e n t i f i c a t i o n  and 
q u a n t i t a t i o n  o f  r e s i n  a c i d s ,  a l i p h a t i c  h y d r o c a r b o n s ,  and  a r o m a t i c  
h y d r o c a r b o n s  i n  KPPME s a m p le s  a s  w e l l  a s  t h e i r  d i s t r i b u t i o n s  i n  
e s t u a r i n e  w a t e r  and sed im en t in  t h e  v i c i n i t y  o f  a  k r a f t  pu lp  and pap er  
m i l l .  The e f f e c t s  o f  f i l t r a t i o n ,  pH, a n d  s t o r a g e  t i m e  on  t h e  
c o n c e n t r a t i o n s  o f  t h e s e  com pounds a r e  a l s o  i n c l u d e d  t o  a s s i s t  i n  
d e te rm in in g  th e  p o s s ib le  f a t e s  o f  t h e  com pounds. The c o n c e n t r a t i o n -  
s t a t i o n  p r o f i l e s  a re  p l o t t e d  to  d em o n s tra te  th e  f a t e  o f  th e  KPPME a f t e r  
b e in g  d is c h a rg e d  in to  an e s t u a r i n e  env ironm en t.  The c o n c e n t r a t io n - d e p th  
p r o f i l e s  o f  r e s i n  a c i d s  a r e  p l o t t e d  to  c o r r e l a t e  sed im ent r e c o rd  w ith  
known e v en ts  o c c u r r in g  in  t h e  m i l l .
3 .1  O rganic Compounds i n  th e  KPPME Samples
3 . 1 . 1  R es in  A cid  F r a c t i o n s
A) I d e n t i f i c a t i o n  o f  th e  Compounds; T y p ica l  gas chromatograms o f  
t h e  r e s i n  a c i d  f r a c t i o n s  o f  t h e  p r i m a r y  and  s e c o n d a r y  e f f l u e n t s  a r e  
shown in  F i g u r e s  3 .1  ( a )  and (b )  r e s p e c t i v e l y .  Major c o n s t i t u e n t s  in  
t h e  e f f lu e n tB  a r e  compounds e l u t i n g  between th e  m ethy l e s t e r s  o f  n.-Cl7 :0 
and  n.-C25:0 a c i d s .  The p r im a r y  and secondary  e f f l u e n t s  o f  th e  sample 
s e t  1 (sam ples  IWl and EtfO) were an a ly zed  by GC-MS an d  m ass  s p e c t r a  o f
some o f  t h e  d e t e c t e d  com pounds a r e  summarized in  T ab le  3 . 1 .  The f i v e
44
F ig u re  3 .1  R e p r e s e n ta t iv e  gaB chromatogram o f  t h e  r e s i n  a c id  f r a c t i o n s  
( a s  m ethy l e s t e r s )  o f  KPPME sam ples .  C17 i s  m ethyl e s t e r  
o f  n.-Cl7:0 f a t t y  a c id  used  as co in j e c t e d  s ta n d a rd ;  P ,  S, I ,  
D, A , and N r e p r e s e n t  p im a r ic  a c i d ,  s a n d a raco p im ar ic  a c i d ,  
i s o p im a r ic  a c i d ,  d e h y d r o a b ie t i c  a c i d ,  a b i e t i c  a c id  
( im p u re ) ,  and n e o a b i e t i c  a c id  ( im p u re ) ,  r e s p e c t i v e l y ;  and
(a )
(b )
P rim ary  e f f l u e n t ;  
Secondary e f f l u e n t .
R
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major r e s i n  a c i d s ,  i d e n t i f i e d  by c o m p a r in g  t h e i r  r e l a t i v e  r e t e n t i o n  
t i m e s  a n d  m a s s  s p e c t r a  ( a s  m e t h y l  e s t e r s )  to  t h o s e  o f  a u t h e n t i c  
s t a n d a r d s ,  a r e  p im a r ic  a c id  ( P ) ,  s a n d a raco p im ar ic  a c i d  ( S ) ,  i s o p i m a r i c  
a c i d  ( I ) ,  d e h y d r o a b i e t i c  a c i d  ( D ) ,  and a b i e t i c  a c i d  ( A ) .  The mass 
s p e c t r a  o f  th e s e  compounds a r e  g iv e n  in  Appendix I I  as  a r e  t h o s e  o f  th e  
a u t h e n t i c  s t a n d a r d s .  The d i f f e r e n c e  i n  t h e  m ass  s p e c t r u m  o f  t h e  
i s o p im a ra te  s ta n d a rd  to  t h a t  o f  th e  compound e l u t i n g  a t  t h e  r e t e n t i o n  
t im e  o f  m e th y l  i s o p i m a r a t e  i n  t h e  KPPME s a m p le s  i s  l i k e l y  t o  be the  
r e s u l t  o f  a c o e l u t i o n  o f  m e th y l  i s o p i m a r a t e  and  1 3 - a b i e t e n - 1 8 - o a t e  
(com pound A4 i n  A ppend ix  I ) .  The p re sen ce  o f  i s o p im a ra te  i s  sugges ted  
by comparing i t s  r e t e n t i o n  tim e to  t h a t  o f  th e  a u t h e n t i c  s t a n d a r d  w h i l e  
th e  p r e s e n c e  o f  1 3 - a b i e t e n - 1 8 - o a t e  i s  su g g es ted  by th e  com bination  of 
the  m ass s p e c t r a  o f  t h e s e  two com pounds. The m ass  s p e c t r u m  o f  t h e  
compound e l u t i n g  a t  th e  same r e t e n t i o n  time as  i s o p im a ra te  in  th e  KPPME 
(and sed im en t)  sam ples e x h i b i t s  th e  b a se  peak a t  m/e 1 2 1 , m o l e c u l a r  io n  
a t  m /e  3 1 8 ,  and th e  m a jo r  f r a g m e n ta t io n  peaks in  th e  h ig h  mass ra n g e  (> 
m/e 121) a t  m/e 275, 257, 241, 215, 187, and 181. The mass s p e c t r u m  o f  
t h e  m e t h y l  i s o p i m a r a t e  s t a n d a r d  shows a f ragm ent a t  th e  base  peak  m/e 
241, m o le c u la r  io n  a t  m/e 316 and o t h e r  m ajor f r a g m e n ts  (>  60%) a t  m /e 
2 5 7 ,  1 8 7 ,  1 21 ,  and  105 . The f r a g m e n ta t io n  o f  1 3 - a b ie te n - 1 8 - o a te  le a d s  
t o  a b a s e  p eak  a t  m /e  1 2 1 ,  a m o l e c u l a r  io n  a t  m/ e 3 1 8 ,  a n d  m a j o r  
f r a g m e n t s  (> 40%) a t  m/e 275, 215 ,181 ,  136, 107, and 81 (Z in k e l  e t  a l . ,  
1971).  I s o p im a r ic  a c id  and 1 3 - a b ie te n - 1 8 - o ic  a c id  were i d e n t i f i e d  a long  
w i th  o t h e r  r e s i n  a c i d s  i n  secondary  e f f l u e n t s  c o l l e c t e d  from two m i l l s  
o p e ra te d  in  S o u th e rn  G eorg ia  ( K e i th ,  1 9 7 9 ) .  I d e n t i f i c a t i o n s  o f  o t h e r  
r e s i n  a c i d s  shown in  T a b l e  3 .1  w e re  o b t a i n e d  by comparing t h e i r  mass
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s p e c t r a  t o  th o se  o f  p u b l i s h e d  d a t a  ( Z i n k e l  e t  a l « ,  1 9 7 1 ;  B ro w n lee  and 
S tra c h a n ,  1977; C la e y s ,  p e r s o n a l  com m unica tion).
B) C o n c e n t ra t io n s  o f  R e s in  Acid Compounds! The c o n c e n t r a t i o n s  o f  
th e  m ajor r e s i n  a c i d s  found in  th e  KPPME samples a r e  shown in  T ab le  3 . 2 .  
A b ie t i c  a c i d  and d e h y d r o a b i e t i c  a c i d  a r e  t h e  two m a jo r  co m p o n en ts  i n  
t h i s  f r a c t i o n .  C o n c e n t r a t i o n s  ra n g in g  from 1 .1 - 3 .4  mg/L a b i e t i c  a c id  
and 0 .6 2 -2 .5  mg/L d e h y d r o a b i e t i c  a c i d  w ere  f o u n d  in  t h r e e  s a m p le s  o f  
s e c o n d a r y  e f f l u e n t .  I s o p i m a r i c  a c i d  ( 0 . 2 6 - 0 . 8 7  m g /L ) ,  p im a r ic  a c id  
( 0 .5 2 -0 .9 6  mg/L), and s a n d a ra c o p im a r ic  a c id  ( 0 .0 6 - 0 .1 9  m g/L) w e re  a l s o  
found in  th e s e  sam p les .  The e f f e c t s  o f  f i l t r a t i o n ,  pH, and s to r a g e  tim e 
on the  c o n c e n t r a t i o n s  a re  a l s o  shown in  t h i s  t a b l e .
F i g u r e  3 . 2  ( a )  show s th e  e f f e c t  o f  f i l t r a t i o n  and pH on th e  
c o n c e n t r a t i o n  o f  r e s i n  a c i d s  i n  t h e  s e c o n d a r y  e f f l u e n t  from  s am p le  
s e t  1 .  A p p ro x im ate ly  60% o f  th e  r e s i n  a c id s  i n  secondary  e f f l u e n t  seem 
to  be a s s o c ia t e d  w i th  a suspended s o l i d  o f  s i z e  > 10 jum a t  pH 8  (sam ples  
EW0 and ED i n  T a b l e  3 . 2 ) .  By lo w e r i n g  th e  pH o f  th e  f i l t r a t e  (pH 8 ) 
f u r t h e r  to  pH 3 a n d  f i l t e r i n g  a g a i n ,  a p p r o x i m a t e l y  80% o f  t h e  r e s i n  
a c i d s  w e re  fo u n d  t o  be a s s o c i a t e d  w i th  p a r t i c l e s  > 10 wn (sam ples  EW0 
and FED). The c o n c e n t r a t i o n s  found i n  s e c o n d a r y  e f f l u e n t  f ro m  sam p le  
s e t  2 ( F i g u r e  3 . 2  ( b ) ) ,  show t h a t  a p p ro x im a te ly  45% o f  th e  r e s i n  a c id s  
(sam ples  UEF and EF) were rem oved by t h e  f i l t r a t i o n  c o n d u c te d  by  t h e  
Chesapeake C o rp o ra t io n  of V i r g i n i a .
The c o n c e n t r a t io n s  o f  th e  m ajor r e s i n  a c id s  in  t h e  p r im a r y  and 
secondary  e f f l u e n t s  from sample s e t  1  a r e  p l o t t e d  v e rs u s  s to r a g e  t im e  in  
F i g u r e s  3 . 3  ( a )  a n d  ( b ) .  V i t h  t h e  e x c e p t i o n  o f  a b i e t i c  a c i d ,  t h e  
r e s u l t s  i n d i c a t e  t h a t  the  c o n c e n t r a t i o n s  in  th e  p rim ary  e f f l u e n t  do n o t
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(a) Sample Set 1
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F ig u re  3 .2  Changes in  c o n c e n t r a t i o n s  o f  r e s i n  a c id s  in  seco n d ary  e f f l u e n t s  
from KPPME sample Se t 1 and Set 2 due to  f i l t r a t i o n .
(a)   Sample S e t  1; (b)  Sample S e t  2 ;  where:
■  -  F i l t e r e d  a t  pH 8  and th e n  r e f i l t e r e d  a t  pH 3;
0  = F i l t e r e d  a t  pH 8 ;
E3 = F i l t e r e d  a t  pH 8  by th e  Chesapeake C o rp o ra t io n  o f  V i r g i n i a ;
O = U n f i l t e r e d .
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Figure 3
(a) Primary effluent
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Changes i n  c o n c e n t r a t i o n s  o f  r e s i n  a c id s  in  p r im ary  and 
secondary  e f f l u e n t s  from KPPME sam ple Set 1 w ith  s to r a g e  t im e ,
(a )  .......... p r im ary  e f f l u e n t ;  (b) ............  secondary  e f f l u e n t ;  where
B
8
ca
□
= tim e 0  week; otim e 1 week a t  14 C;
tim e 2 weeks a t  14 C;
time 4 weeks a t  14 C;
time 4 weeks a t  -2  C.
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c h a n g e  a f t e r  a s t o r a g e  time o f  4 weeks a t  e i t h e r  14°C o r  -2°C  (sam ples  
IWl, IW2, IW4). The in c re a s e  o f  a b i e t i c  a c i d  w i th  s t o r a g e  t i m e  i n  t h e  
p r im ary  e f f l u e n t  may be due to  v a r i a t i o n s  in  th e  GC re sp o n se  to  a b i e t a t e  
from day to  day i n j e c t i o n s  and i t s  h igh  c o n c e n t r a t i o n  i n  t h e  s a m p le s ,  
b u t  t h i s  i s  n o t  c e r t a i n .  In  secondary  e f f l u e n t ,  th e  c o n c e n t r a t i o n s  d id  
n o t  change s i g n i f i c a n t l y  ( w i t h i n  a  +15% a n a l y t i c a l  e r r o r )  i n  s a m p le s  
a n a l y z e d  a f t e r  a s t o r a g e  t i m e  o f  up t o  1 w eek ( s a m p le  EWO, EW l). 
However, a p p ro x im a te ly  20% and 40% r e d u c t i o n s  i n  c o n c e n t r a t i o n s  w ere  
o b s e r v e d  a f t e r  s t o r a g e  f o r  2 w eeks  ( s a m p l e  EW2) and  4 weeks (sam ple 
EW4), r e s p e c t i v e l y .  F r e e z i n g  ( - 2 ° C )  h a d  l i t t l e  e f f e c t  on t h e  
p r e s e r v a t i o n  o f  r e s i n  a c id s  in  t h e  secondary  e f f l u e n t .
R e s u l t s  o f  sam ples c o l l e c t e d  a f t e r  th e  b l e a c h i n g  p r o c e s s  show 
t h a t  b l e a c h i n g  adds oxygen consuming o rg a n ic  compounds (BOD in c re a s e  o f  
29%) w h ile  re d u c in g  r e s i n  a c id s  ( c o n c e n t r a t i o n  d e c re a s e  about 30%). The 
c o n c e n t r a t i o n  r a t i o  o f  d e h y d ro a b ie t ic  acid/BOD was found to  be 1/32 in  
p r im a r y  i n f l u e n t  e x c l u d i n g  t h e  b l e a c h  p l a n t ,  1 / 5 8  i n  t h e  p r i m a r y  
i n f l u e n t  in c lu d in g  th e  b le a c h  p l a n t ,  and 1/60 in  th e  secondary  e f f l u e n t .
3 . 1 . 2  A l i p h a t i c  Hydrocarbon F r a c t i o n s
Gas chromatograms o f  a l i p h a t i c  hydrocarbon  f r a c t i o n s  o f  u n f i l t e r e d  
p r im ary  e f f l u e n t  ana lyzed  a f t e r  1 week (sam ple  IWl) a r e  shown i n  F i g u r e  
3 . 4  ( a )  an d  t h a t  o f  t h e  s e c o n d a ry  e f f l u e n t  an a ly zed  a t  tim e 0  (sam ple 
EWO) i s  shown in  F ig u re  3 .4  ( b ) . The chromatograms c o n s i s t  o f  a  bimodal 
UCM and r e s o l v e d  compounds o f  m a in ly  n .-a lk an es  ra n g in g  from n-C20 to  
n-C 33. The d i s t r i b u t i o n  p a t t e r n  o f  n - a l k a n e s  show s no o d d - t o - e v e n  
p r e d o m in a n c e  in  th e  ca rbon  range  n-C20 to  n-C33. The c o n c e n t r a t i o n s  o f  
m a jo r  compounds and o t h e r  s i g n i f i c a n t  peaks ( i d e n t i f i e d  by Kl) fo u n d  i n
F ig u re  3 .4  Gas chromatograms o f  th e  a l i p h a t i c  hydrocarbon  f r a c t i o n s  
o f  th e  p r im a ry  and secondary  e f f l u e n t s  from KPPME sample 
s e t  1 .  Numbers 16, 18 , 20 , 22 , 2 4 ,  26 , 2 8 ,  3 0 ,  and 32 
i n d i c a t e  carbon  c h a in  le n g th  number o f  n - a lk a n e s ;  C l ,  C2, 
C3, C4, and C5 a r e  n .-C ll ,  n -C l5 ,  2 -m e th y lo c ta d e c a n e , 
2 -m e th y le ic o s a n e , and c h o le s t a n e ,  r e s p e c t i v e l y ,  u se d  as 
c o i n j e c t e d  s t a n d a r d s ;  and
(a )
(b )
P rim ary  e f f l u e n t ;  
Secondary e f f l u e n t .
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th e  s a m p le s  t h a t  w e re  a n a l y z e d  a f t e r  a s t o r a g e  t im e  o f  1 ,  2 , and  4 
w e e k s ,  a r e  shown i n  T a b le  3 . 3 ,  Sample IWF4 was an a ly zed  by GC-MS and 
p r o b a b l y  i d e n t i f i c a t i o n s  o f  c o m p o u n d s  a r e  g i v e n  i n  T a b l e  3 . 4 .  
D if f e re n c e s  in  th e  d i s t r i b u t i o n  o f  carbon c h a in  le n g th  o f  n - a lk a n e s  from 
prim ary  and secondary  e f f l u e n t s  a r e  shown i n  F ig u re  3 . 5 .  The fo rm e r  i s  
c h a r a c t e r i z e d  by a low  and b r o a d  UCM ( n - C l5  t o  n-C35) and low t o t a l  
c o n c e n t r a t i o n s  o f  2 .0  mg/L f o r  r e s o lv a b l e  compounds, w h ile  th e  l a t t e r  i s  
c h a r a c t e r i z e d  by  a h i g h  and  n a r r o w  UCM i n  th e  low MW ra n g e  (n -C l5  to  
n-C20) w i th  a maximum around n-Cl7 o r  n -C l8  and a r e l a t i v e l y  h i g h  t o t a l  
c o n c e n t r a t i o n  o f  4 .0  mg/L f o r  r e s o lv a b l e  compounds. A sm a l l  and broad  
UCM s i m i l a r  to  t h a t  found in  p r im ary  e f f l u e n t  i s  a l s o  p r e s e n t  i n  t h i s  
s a m p le .  H ow ever ,  due  t o  t h e  v e r y  h igh  UCM, th e  sample was d i l u t e d  in  
o rd e r  to  o b ta in  a  s u i t a b l e  b a s e l i n e  f o r  th e  i n t e g r a t i o n ,  th u s  o b s c u r i n g  
t h e  p r e s e n c e  o f  the  low and b road  UCM. The c o n c e n t r a t io n s  o f  n -C l6 , KI 
1650, n -C 17 , p r i s t a n e ,  n -C l8 , p h y ta n e ,  and n-C l9  in  p r im ary  e f f l u e n t  a r e  
r e l a t i v e l y  lo w  c o m p a r e d  t o  t h e  s e c o n d a r y  e f f l u e n t  w h e re a s  t h e  
c o n c e n t r a t i o n s  o f  h ig h  MW n - a l k a n e s  (>  n.-C20) a r e  a p p r o x i m a t e l y  t h e  
same.
E f f e c t s  o f  th e  s to r a g e  tim e on th e  d i s t r i b u t i o n  and c o n c e n t r a t i o n s  
o f  com pounds i n  p r im a r y  e f f l u e n t  a r e  shown i n  F i g u r e s  3 .6  and 3 .7  
A lthough , a s t o r a g e  t im e  o f  4 w eeks  d id  n o t  c h a n g e  t h e  d i s t r i b u t i o n  
p a t t e r n  o f  t h e  c o m p o u n d s ,  i n c r e a s e s  i n  t h e  c o n c e n t r a t i o n  o f  some 
compounds were o b se rv e d .  T h ese  w e re  t h e  compounds a t  KI 1 9 3 8 ,  1 9 8 7 ,  
2 0 7 6 ,  and  t h e  h i g h  m o l e c u l a r  w e i g h t  n - a l k a n e s ,  e s p e c i a l l y  n-C24 to  
ii-C27. The g e n e r a t io n  o f  compounds a t  KI 1938, 1987 , and  2076 a p p e a r s  
t o  o c c u r  i n  p r im a r y  e f f l u e n t  d u r in g  th e  s to r a g e  o f  4  weeks a t  14°C and
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T ab le  3 .3  C o n c e n t ra t io n s  o f  some A l i p h a t i c  Hydrocarbons 
i n  th e  KPPME from Sample Set 1 .
KXa
SE-52
C o n c e n t ra t io n  in  y g /L
P rim ary  e f f l u e n t  
Time o f  a n a l y s i s  (week) 
1 4 4F
Secondary e f f l u e n t  
Time o f  a n a l y s i s  (week) , 
2 4 4F
1600 32 2 0 2 2 170 1 2 0 1 2 0 150
1650 18 1 1 13 2 2 0 190 170 2 0 0
1700 39 28 33 500 420 400 560
1706 25 13 16 440 460 460 480
1744 6 . 6 - - 1 2 0 1 2 0 1 1 0 130
1752 4 .3 — - 150 160 180 160
1800 42 36 43 530 490 480 610
1809 2 1 16 2 0 320 350 320 340
1900 25 33 32 160 150 1 2 0 2 1 0
1938 16 46 52 - 2 2 2 2 17
1960 - 2 0 24 - - — —
1974 - - - - - - —
1987 - 47 57 - 14 33 19
2 0 0 0 2 1 28 31 16 38 31 45
2076 - 27 35 - - - -
2 1 0 0 24 35 41 18 2 2 17 23
2 2 0 0 36 57 60 2 2 32 24 29
2300 53 76 84 31 38 37 40
2400 72 1 0 0 1 1 0 42 48 47 50
2500 70 97 1 1 0 42 52 53 54
2600 61 84 1 0 0 41 48 53 51
2700 46 65 78 34 37 41 41
2800 40 59 69 34 32 34 37
2900 31 50 54 31 27 28 32
3000 26 46 51 2 2 18 18 2 1
3100 2 0 50 65 23 2 1 19 32
3200 1 1 19 19 15 14 1 0 15
3300 7 1 2 1 2 1 0 “ — —
T o t a l C 1 . 2 1.7 1 .9 3 .5 3 .8 3 .8 4 .0
C17/Pr 1 . 1 2 .3 2 . 1 2 . 0 0.90 0 .79 1 . 2
C18/Ph 1 .9 2 . 2 2 . 2 2 . 0 1 .4 1 . 2 1 . 8
C17/C18 1 . 1 0 .80 0.77 1 . 0 0 . 8 6 1 . 1 0 .92
P r /P h 1 . 2 0.79 0.82 1 .4 1.3 1 .4 1 .4
N o tes : a = K ovats in d ic e s (K o v a ts , 1958), see  T ab le 3 .4  foi
p o s s i b l e  i d e n t i f i c a t i o n  o f  th e  compounds; b = s to r e d  i n  a  f r e e z e r  
(-2°C ) f o r  4 w eeks; -  = n o t  d e t e c t e d  o r  < 1 n g /L ;  c °  in  mg/L; 
C17 = KI 1700; P r  « KI 1706; C18 « KI 1800; Ph = KI 1809.
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T ab le  3 .4  P o s s i b l e  I d e n t i f i c a t i o n  o f  some A l i p h a t i c  H ydrocarbons .
KI P o s s i b l e  Compounds Mass Fragm ents  M
SE-52 h ig h -------- low
1600 n -H exadecane ,  ( 11- C I 6 )
1650 U n id e n t i f i e d
1700 n -H e p ta d e c a n e , (n-C17)
1706 P r i s t a n e ,  ( P r )
1744 U n id e n t i f i e d
1752 U n id e n t i f i e d
1800 n -O c ta d e c a n e ,  ( n - C l 8 )
1809 P h y ta n e ,  (Ph)
1900 n -N onadecane , (;n-C19) .
1938 S an d a ra c o p im a ra d ie n e ,  (C„nH„„) 137 91 95 69° 272
1960 U n i d e n t i f i e d  . zu
1974 F i c h t e l i t e  (C .qH_ ) D
1987 l 8 o p im a ra d ie n e ,  IC„nH ,„)
2000 n - E ic o s a n e ,  (n-C207
2076 U n i d e n t i f i e d ,  ^ 2 0 ^ 3 2 ^
2100 ja -H en e ico san e ,  (n -C 2 l)
2200 n -D ocosane ,  (n-C22)
2300 n - T r i c o s a n e ,  (n-C23)
2400 n - T e t r a c o s a n e , (n-C24)
2500 n - P e n ta c o s a n e , (n-C25)
2600 n -H ex aco san e , (n.-C26)
2700 n -H e p ta c o s a n e , (nr-C27)
2800 n .-O ctacosane , (n-C28)
2900 n.-Nonacosane, (n,-C29)
3000 n - T r i a c o n t a n e , (n.-C30)
3100 i i -H e n e ia c o n ta n e ,  (n.-C31)
3200 j a -D o t r i a c o n ta n e , (n-C32)
3300 n - T r i t r i a c o n t a n e ,  (n-C33)
N o tes : a  = K ovats i n d i c e s  (K o v a ts ,  1958); M = m o le c u la r  i o n ;
b = se e  c h em ica l  s t r u c t u r e s  i n  F ig u re  A 1 .2 ,  Appendix I ;  c = A ud ie r  e t  
a l ,  (1 9 6 6 ) ;  d = B a r r ic k  and Hedges (1 9 8 1 ) ;  e = p r o b a b ly  d i t e r p a n e  w i th  
m o le c u la r  w e igh t  272 ,
109 81 95d 262
105 91 109 79° 272
105 91 83 69 272
(a) P r im ary  e f f l u e n t
Tj 200
c 100.
Carbon c h a in  le n g th  number
600 J
(b) Secondary e f f l u e n t
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Carbon c h a in  le n g th  number
F ig u re  3 .5  Carbon c h a in  l e n g t h  d i s t r i b u t i o n s  o f  i i - a lk a n e s  in  th e
p r im a ry  and s e c o n d a ry  e f f l u e n t s  from KPPME sample S e t  1. 
KI 1706 = P r i s t a n e ;  KI 1809 = P h y tan e .
( a )  . . . . . .  P r im a ry  e f f l u e n t ;
(b) .............  Secondary  e f f l u e n t .
F ig u re  3 .6  Gas chromatograms o f  t h e  a l i p h a t i c  hydrocarbon f r a c t i o n s  
o f  th e  p r im a ry  e f f l u e n t  from KPPME sample s e t  1, ana ly zed  
a f t e r  th e  s to r a g e  tim e o f  4 weeks in  a c o ld  room (1 4  C) 
and i n  a f r e e z e r  (-2°C ) . Numbers 16, 18, 2 0 ,  22, 2 4 ,  26, 
28 ,  3 0 ,  and 32 in d i c a te  carbon c h a i n  le n g th  number o f  
n - a lk a n e s ;  C l ,  C2, C3, C4, and C5 a re  n - C l l ,  n-C15, 
2 -m e th y lo c ta d e c a n e ,  2 -m e th y le ic o s a n e ,  and c h o l e s t a n e ,  
r e s p e c t i v e l y ,  used  as c o in je c t e d  s t a n d a r d s ;  KI 1938 = 
san d a raco p im ara d ien e ;  KI 1987 = i s o p im a ra d ie n e ;
KI 2076 = unknown; and
( a )   C old  room (14°C );
(b )  ............  F r e e z e r  (~ 2 ° C ) .
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F ig u re  3 .7  Changes i n  c o n c e n t r a t io n s  o f  some a l i p h a t i c  h y d ro ca rb o n s  o f  
t h e  p r im ary  and seco n d ary  e f f l u e n t s  from KPPME sample S e t  1
w i th  s to r a g e  t im e , (a )  . . . . . .  P r im ary  e f f l u e n t ;  (b) ..........
. . .  Secondary e f f l u e n t ;  and
4F = s to r a g e  time o f  4 weeks in  a  f r e e z e r ;  KI 1700 -  n-C17; 
KI 1706 = p r i s t a n e ;  KI 1800 = n - C l 8 ; KI 1809 = p h y ta n e ;
KI 2400 = n-C24; KI 1938 = s a n d a ra c o p im a ra d ie n e ;  KI = 1987 = 
is o p im a ra d ie n e ;  KI 2076 = unknown;
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-2 ° C  ( s e e  F i g u r e s  3 . 4  ( a ) ,  3 . 6  (a )  and ( b ) ) .  A ccording to  t h e i r  mass 
s p e c t r a ,  th e  compounds a t  KI 1938 and 1987 a r e  p o s s ib ly  sandaracop im ara -  
d i e n e  (com pound Bl i n  A p p e n d ix  i )  and  i s o p i m a r a d i e n e  (compound B 2), 
r e s p e c t i v e l y  (A ud ie r  e t  a l . ,  1966). They a re  l i k e l y  t o  be  d e g r a d a t i o n  
p r o d u c t s  o f  s an d a raco p im ar ic  a c id  and i s o p im a r ic  a c i d .  However, due to  
th e  l a c k  o f  th e  a u t h e n t i c  s t a n d a r d s ,  t h e  i d e n t i f i c a t i o n s  c o u l d  n o t  be 
c o n f i r m e d  by r e t e n t i o n  t im e s  and a r e  th u s  u n c e r t a i n .  The d i s t r i b u t i o n  
p a t t e r n  and th e  c o n c e n t r a t i o n s  o f  n - a lk a n e s  i n  secondary  e f f l u e n t  appea r  
to  be unchanged d u r in g  s to r a g e  over a tim e o f  4 weeks.
3 .1 .3  A rom atic  Hydrocarbon F r a c t io n s
F i g u r e s  3 . 8  ( a )  and ( b )  show t h e  gas  chromatograms o f  a ro m a tic  
h y d r o c a r b o n  f r a c t i o n s  f ro m  p r im a r y  and  s e c o n d a r y  e f f l u e n t s .  The 
d i s t r i b u t i o n  p a t t e r n s  o f  th e  UCM a re  s i m i l a r  t o  those  found in  a l i p h a t i c  
h y d rocarbon  f r a c t i o n s .  Most o f  th e  r e s o lv e d  compounds i d e n t i f i e d  by ARI 
a r e  p o ly n u c le a r  a ro m a t ic  hydrocarbons  (P A H 's ) . P o s s ib le  i d e n t i f i c a t i o n s  
o f  th e  compounds a re  g iven  in  Table 3 .1 0 .  T o t a l  c o n c e n t r a t i o n s  o f  t h e  
r e s o l v a b l e  com pounds in  t h i s  f r a c t i o n  a r e  r e l a t i v e l y  low, ra n g in g  from 
0 .1 1  mg/L in  p r im a ry  e f f l u e n t  t o  0 .2 0  mg/L i n  s e c o n d a r y  e f f l u e n t  a s  
shown i n  T ab le  3 . 5 .
D i s t r i b u t i o n s  o f  th e se  compounds do no t  change w i t h  s t o r a g e  t im e  
a s  shown i n  F ig u re s  3 . 8 ,  3 . 9 ,  and 3 .1 0 .  However, c o n c e n t r a t i o n s  o f  th e  
unknown compounds w i th  ARI 270, 495 and 557 ap p e a r  t o  d e c r e a s e  i n  b o th  
p r im ary  and secondary  e f f l u e n t s .  The in c r e a s e  o f  unknown compounds w ith  
ARI 495 seemB to  co rrespond  to  th e  d e c re a se  o f  unknown compound w ith  ARI 
557 in  b o th  e f f l u e n t s .
F ig u re  3 .8  Gas chromatograms o f  th e  a ro m a tic  hydrocarbon  f r a c t i o n s  o f  
t h e  p r im ary  and secondary  e f f l u e n t s  from KPPME sample s e t  
1 ,  ana ly zed  a f t e r  th e  s to r a g e  t im e  o f  0 week. C l ,  C2, and 
BN a r e  b ip h e n y l ,  hexam ethy lbenzene , and 1 , l ' - b i n a p h t h y l ,  
r e s p e c t i v e l y ,  u sed  as c o i n j e c t e d  s t a n d a r d s ;  I  in d i c a te s  
c o n ta m in a t io n s  in  the  GC system ; peaks 1 ,  2 ,  3 ,  4 ,  5 a re  
compounds a t  ARI 200 (p h e n a n th re n e )  , ARI 270 (unknown),
ARI 300 ( p y r e n e ) , ARI 495 (unknow n), and ARI 557 
(unknown), r e s p e c t i v e l y ;  and
( a )  ............  P r im ary  e f f l u e n t ;
(b )  ............  Secondary e f f l u e n t .
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T ab le  3 .5  C o n c e n t ra t io n s  o f  some A rom atic  Hydrocarbons 
in  th e  KPPME from Sample Set 1 .
C o n c e n t ra t io n  in  jug/L 
ARI P rim ary  e f f l u e n t  Secondary e f f l u e n t
SE-52 Time o f  a n a l y s i s  (week) Time o f  a n a l y s i s  (week)
1 4 4F 0 2 4 4F
2 0 0 9 .0 6 .3 2 0 2 . 2 4 .4 5 .8
245 2.7 - - 7 .7 3 .6 3 .5 3 .8
255 6.7 - - 1 0 1 . 0 1 .5 1 . 6
261 4 .9 - 9 .7 2 . 2 4 .5 4 .9 -
270 16 5 .2 3 .1 25 5 .5 2 . 0 2 .7
286 5 .4 9 .0 6 . 6 4 .4 3 .6 3 .6 3 .1
288 7 .5 1 2 9.2 4 .2 1 .3 1 . 6 2 . 0
293 1 . 0 2 .9 1.9 - - - -
295 1 .4 3 .8 1 . 8 6 . 6 2 .9 1 . 1 1 .9
300 5.1 8 . 8 6 .4 7 .0 6 .4 5 .7 5 .2
359 1 . 1 - - 4 .3 4 .9 3 .3 2 .9
379 2 . 0 3 .3 2 .7 - - - -
400 1 . 8 2 . 1 1 .5 - - - -
495 2 . 1 1 2 8 .3 1 .9 2 . 1 8 . 2 6 . 8
500 1 .4 1 . 6 1 . 2 — - - -
557 14 8 . 0 5 .9 36 27 1 .7 6 .4
T o ta l 1 1 0 180 1 2 0 2 0 0 1 1 0 150 130
F l /P y 0.63 0 .9 8 0 .9 7 1 . 6 1 . 8 1 . 6 1 .7
N o te s : a = a ro m a tic r e t e n t i o n in d ic e s ( B i e r i e t  a l . , 1981)
see  T a b le  3.10 f o r  p o s s i b l e  i d e n t i f i c a t i o n  o f  th e  compounds; b -  
s to r e d  i n  a f r e e z e r  ( -2  C) f o r  4 weeks; -  = n o t  d e t e c te d  o r  < 1 .0  
ug /L ; F I  = f lu o ra n th e n e  (ARI 286); Py ** pyrene  (ARI 3 0 0 ) .
F ig u re  3.9 GaB chromatograms o f  t h e  arom atic  h y d roca rbon  f r a c t i o n s  o f  
t h e  p r im a ry  and seco n d a ry  e f f l u e n t s  from KPPME sample 
s e t  1 ,  a n a ly z e d  a f t e r  t h e  s to ra g e  t im e  o f  4 w eeks .  C l ,
C2, and BN a r e  b ip h e n y l ,  hexam ethy lbenzene , and 1 , 1 ' -  
b i n a p h t h y l ,  r e s p e c t i v e l y ,  used as c o i n j e c t e d  s t a n d a r d s ;
I  i n d i c a t e s  c o n ta m in a t io n s  in  th e  GC system ; peaks  1 , 2 ,
3 ,  4 ,  and 5 a r e  compounds a t  ARI 200 ( p h e n a n th r e n e ) , ARI 
270 (unknow n), ARI 300 ( p y r e n e ) , ARI 495 (unknow n), and 
ARI 557 (unknow n), r e s p e c t i v e l y ;  and
( a )
(b )
P rim ary  e f f l u e n t ;  
Secondary e f f l u e n t .
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F ig u re  3 .1 0  Changes in  c o n c e n t r a t i o n s  o f  some a ro m a tic  hydrocarbons  o f  
t h e  th e  p r im ary  and seco n d ary  e f f l u e n t s  from  KPPME sample 
s e t  1 w i th  s to r a g e  t im e ,  (a) . . . .  P rim ary  e f f l u e n t ;
(b) . . . .  Secondary  e f f l u e n t ;  where:
4F = s to r a g e  tim e  o f  4 weeks in  a f r e e z e r ;  ARI 270, 495, 557 
unknown.
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3 . 1 . 4  A l i p h a t i c  and A rom atic  Hydrocarbon F r a c t i o n s  f ro m  Sam ple S e ta  2 
and 3
Gas chromatograms o f  a l i p h a t i c  and a ro m a tic  hydrocarbon  f r a c t i o n s  
o f  s a m p le s  f ro m  s e t s  2 an d  3 a r e  shown in  F ig u re s  3 .11  and 3 .1 2 .  The 
h ig h  c o n c e n t r a t i o n s  o f  th e  low MW UCM, n - C l 6 , n - C 1 7 , p r i s t a n e ,  n - C l 8 , 
p h y t a n e ,  and  a r o m a t i c  UCM o b s e rv e d  in  th e  samples from s e t  1 w ere n o t  
p r e s e n t  i n  th e  s a m p le s  from  s e t  2 .  H ow ever,  t h e  s a m p le s  f ro m  s e t  3 
( F i g u r e s  3 . 1 2  a n d  3 . 1 3 )  show  t h e  p r e s e n c e  o f  t h e s e  compounds a t  
r e l a t i v e l y  low c o n c e n t r a t i o n s .  I n  a d d i t i o n ,  a low and  n a r r o w  UCM 
r a n g i n g  f r o m  n - C l 7  t o  n-C26 w i t h  a maximum a ro u n d  n-C 22 was a l s o  
o bserved  in  th e  sample s e t  3 .  This  UCM was n o t  p r e s e n t  i n  t h e  p r im a r y  
e f f l u e n t  o f  sam ples from s e t  1 .
3 .2  R es in  A cids in  E s tu a r in e  Water Samples
D e h y d ro a b ie t ic  a c id  was th e  m a jo r  r e s i n  a c id  compound found in  th e  
a c i d  f r a c t i o n s  o f  e s t u a r i n e  w a t e r  s a m p l e s .  The c o n c e n t r a t i o n s  o f  
d e h y d r o a b i e t i c  a c i d  i n  s o l u t i o n  a t  pH 8  were c a l c u l a t e d  as f r e e  a c id s  
and m ethy l e s t e r s  (T ab le  3 .6 )  and p l o t t e d  v e r s u s  s t a t i o n s  (F ig u re  3 . 1 4 ) .  
C o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  show  d i f f e r e n t  d i s t r i b u t i o n s  o f  
d e h y d r o a b ie t i c  a c id  i n  s u r f a c e  and s u b s u r fa c e  w a te r s .  In  s u r f a c e  w a te r ,  
t h e  c o n c e n t r a t i o n  was fo u n d  to  be h igh  a t  s t a t i o n s  PI (2 jug/L) and P6  
(1 n g /L ) . In  s u b s u r fa c e  w a te r ,  a f i r s t  maximum o f  3 .6  n g /L  o c c u r r e d  a t  
s t a t i o n  P6  and  a  se c o n d  o f  1 .0  jug/L a t  s t a t i o n  P i .  R e l a t i v e ly  h ig h  
c o n c e n t r a t i o n s  o f  d e h y d ro a b ie t i c  a c id  (a p p ro x im a te ly  1 ng /L )  w ere  fo u n d  
i n  t h e  Y ork  ( s t a t i o n s  Y l,  Y2) and M attapon i ( s t a t i o n s  Ml, M2) compared 
t o  th o se  found in  th e  Pamunkey n ea r  th e  o u t f a l l .
F ig u re  3 .11  Gas chromatograms o f  th e  a l i p h a t i c  and a ro m a tic
hydrocarbon  f r a c t i o n s  o f  th e  secondary  e f f l u e n t  from 
KPPME sample s e t  2 .  Numbers 18, 2 0 ,  22 , 2 4 ,  26 , 2 8 ,  30 
and 32 i n d i c a t e  ca rb o n  c h a in  le n g th  number o f  i i -a lk a n e s  
C l ,  C2, and BN a r e  b ip h e n y l ,  hexam ethy lbenzene , and 1,1  
b in a p h th y l ,  r e s p e c t i v e l y ,  u sed  as c o i n j e c t e d  s ta n d a rd s ;  
and
(a )
(b )
A l i p h a t i c  f r a c t i o n ;  
A rom atic  f r a c t i o n .
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F ig u re  3 .1 2  Gas chromatograms o f  th e  a l i p h a t i c  h y d rocarbon  f r a c t i o n s  
o f  th e  p r im ary  i n f l u e n t  and seco n d ary  e f f l u e n t  from KPPME 
sample s e t  3 .  Numbers 18, 2 0 ,  22 , 2 4 ,  26 , 2 8 ,  3 0 ,  32 , 
and 34 i n d i c a t e  ca rbon  ch a in  le n g th  number o f  n - a lk a n e s ;  
C l ,  C2, C3, C4, and C5 a re  n - C l l ,  n .-C i5, 2 -m e th y lo c ta  
d e c a n e ,  2 -m e th y le ic o sa n e ,  and c h o l e s t a n e ,  r e s p e c t i v e l y ,  
u sed  as c o in je c t e d  s t a n d a r d s ;  and
( a )  ..............  P rim ary  i n f l u e n t ;
(b )  ..............  Secondary e f f l u e n t .
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F ig u re  3 .13  Gas chromatograms o f  th e  a ro m a tic  hydrocarbon  f r a c t i o n s  
th e  p r im a ry  i n f l u e n t  and seco n d ary  e f f l u e n t  from KPPME 
sample s e t  3 .  C l ,  C2, and BN a r e  b ip h e n y l ,  hexam ethy l-  
b en ze n e ,  and l , l ' - b i n a p h t h y l ,  r e s p e c t i v e l y ,  u sed  as 
c o i n j e c t e d  s t a n d a r d s ;  peaks 2 ,  3 ,  and 5 a r e  compounds a t  
ARI 270 (unknow n), ARI 300 ( p y r e n e ) , and ARI 557 
(unknown) , r e s p e c t i v e l y ;  and
(a )
(b)
P rim ary  i n f l u e n t ;  
Secondary e f f l u e n t .
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T ab le  3 .6  C o n c e n t ra t io n s  o f  D e h y d ro ab ie t ic  A c id  in  E s tu a r in e  
Water Sam ples.
S t a t i o n  Sample pHa C o n c e n t ra t io n  in  n g /L
F re e  a c id  M e -e s te r s
Y2 s u r f a c e 7 .7 0.57 -
Y2 su b su r fa c e 7 .0 0.41 -
Y1 s u r f a c e 7 .5 0.49
Y1 su b s u r fa c e 7 .0 0.58 0 .79
PI s u r f a c e 7 .5 2.04
PI s u b s u r fa c e 7 .0 1 —
P2 s u r f a c e 7 .1 0.74
P2 s u b s u r fa c e 7 .2 0.61 0 .75
P3 s u r f a c e 7 .4 0.56
P3 s u b su r fa c e 7 .2 0.76 0.80
P4 s u r f a c e 7 .4 0.41 _
P4 s u b su r fa c e 7 .5 0.64 0.70
P5 s u r f a c e 7 .0 0.41
P5 s u b s u r fa c e 7 .2 0 .98 -
P6 s u r f a c e 7 .4 0 .88
P6 s u b su r fa c e 7 .6 3 .6 -
Ml s u r f a c e 7 .6 1.1 —
Ml s u b s u r fa c e 7 .3 1.5
M2 s u r f a c e 6 .8 0 .94
M2 s u b s u r fa c e 7 .1 1.6 1 .2
N o tes : a “  re a d in g  from a pH m ete r ;  b = +15% r e l a t i v e  s ta n d a rd  
d e v i a t i o n ;  c = 4 -5  m e te r  d ep th ;  -  = no t d e te rm in e d .
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• -----  S u r fa c e  w a te r
x  S u b su rfa c e  w a te r
0 . 0
Y2 Y1 Pi P2 P3 P4 P6P5 Ml M2
S t a t i o n
F ig u re  3 .14  Concent r a t  io n - s  t a t  io n  p r o f i l e s  o f  d e h y d ro a b ie t i c  a c i d  i n  
e s t u a r i n e  w ate r  sam ples  d u r in g  h ig h  w ater  s l a c k .
C o l l e c t e d  on March 21, 1981; See sampling l o c a t i o n s  i n  F ig u re  2 .4 ;  
w here :
•  = S u r fa c e  w a te r ;
x = S u b su rfa ce  w a te r  (4 -5  m e te r  d ep th )  .
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3 .3  R es in  Acids and Hydrocarbons in  Grab Sedim ents
3 .3 .1  R e s in  a c id s  f r a c t i o n s
R e p r e s e n t a t i v e  gas chromatograms o f  t h e  r e s i n  a c i d  f r a c t i o n s  o f  
t h e  c o a r s e  s e d im e n t  f r a c t i o n  I I  ( 0 .1 2 5  mm < g r a i n  s i z e  < 1 . 0  mm) a r e  
g iv e n  i n  F i g u r e s  3 .1 5  ( a )  and  ( b ) . The sa m p le  f ro m  s t a t i o n  P3 was 
an a ly zed  by GC-MS and mass s p e c t r a  o f  r e s i n  a c id s  w ere compared to  th o s e  
o f  a u t h e n t i c  s ta n d a rd s  and th o se  in  th e  KPPME as  shown i n  A p p e n d ix  I I .  
D e h y d r o a b i e t i c  a c i d  w as  f o u n d  to  b e  p r e d o m i n a n t .  P i m a r i c  a c i d ,  
i s o p i m a r i c  a c i d ,  a b i e t i c  a c i d ,  and  s a n d a r a c o p i m a r i c  a c i d  w e re  a l s o  
p r e s e n t ,  b u t  a t  low er c o n c e n t r a t i o n s .  The c o n c e n t r a t i o n s  o f  r e s i n  a c id s  
a r e  Bhown in  T ab le  3 .7  and p l o t t e d  v e r s u s  s t a t i o n s  in  F ig u re s  3 .1 6  ( a ) ,
( b ) ,  ( c ) ,  and ( d ) .  Compared t o  o t h e r  s t a t i o n s ,  c o n c e n t r a t i o n s  a t  
s t a t i o n  P3 were found to  be h ig h .  The c o n c e n t r a t i o n s  found in  th e  marsh 
s e d i m e n t  t a k e n  f ro m  s t a t i o n  MR a r e  a b o u t  e q u a l  t o  t h o s e  fo u n d  a t  
s t a t i o n s  Y2, P2, P4, and P 6 .
3 . 3 . 2  A l i p h a t i c  Hydrocarbon F r a c t io n s
GaB chromatograms o f  a l i p h a t i c  h y d r o c a r b o n s  e x t r a c t e d  from  t h e  
c o a r s e  s e d im e n t  f r a c t i o n s  f rom  s t a t i o n s  Y2, P3, and MR, a r e  g iv e n  in  
F i g u r e s  3 . 1 7  ( a ) ,  ( b ) , an d  ( c ) .  C o n c e n t r a t i o n s  o f  com pounds w i t h  
s i m i l a r  K I ' s  a s  t h o s e  i n  Table 3 . 4  were c a l c u l a t e d  and l i s t e d  i n  Tab le  
3 . 8 .  The chromatograms show a s e r i e s  o f  n .-a lkanes  ra n g in g  from n-Cl6 to  
n -C 33  w i t h  a  l a r g e ,  b r o a d  t r i m o d a l  UCM, w i t h  maxima l o c a t e d  around 
n-C18, n-C23, and i»-C28, r e s p e c t i v e l y .  The d i s t r i b u t i o n  p a t t e r n  o f  
n . - a lk a n e s  shows o d d - to - e v e n  predom inance i n  th e  a r e a  o f  n-C23 to  ti-C33 
w i th  a maximum a t  n-C29. The ^ * 2 0 - 3 2  r a n 8 e from  2 .7  t o  4 . 1  ( F i g u r e  
3 . 1 8  ( d ) ) .  I n  a d d i t i o n  t o  n - a l k a n e s ,  i s o p re n o id  h y d rocarbons  such as
F ig u re  3 .15  R e p re s e n ta t iv e  gas chromatograms o f  t h e  r e s i n  a c id
f r a c t i o n s  o f  g rab  se d im e n ts .  Coarse g r a i n  sed im en ts  
(0 .1 2 5  mm < g r a i n  s i z e  < 1 . 0  mm); Sampling lo c a t i o n s  a re  
shown in  F ig u re  2 .4 ;  C17, C18, and C25 a re  m ethy l e s t e r s  
o f  n -C 1 7 :0 ,  n -C 1 8 :0 ,  and a.-C25:0 f a t t y  a c id s  u sed  as 
c o i n je c t e d  s t a n d a r d s ;  P ,  S , I ,  D, and A a r e  p im a r ic  a c i d ,  
san d a raco p im ar ic  a c i d ,  i s o p im a r ic  a c i d ,  d e h y d ro a b ie t i c  
a c i d ,  and a b i e t i c  a c i d ,  r e s p e c t i v e l y ;  and
(a )
(b )
S t a t i o n  P3; 
S t a t i o n  Y2.
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F ig u re  3 .16  C o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  r e s i n  a c id s  in  g rab
s ed im en ts .  Coarse  g r a i n  sed im ents  (0 .1 2 5  mm < g r a in  s i z e  
< 1 . 0  mm); Sampling l o c a t io n s  a re  shown in  F ig u re  2 .4 ;  and
(a )  . . . .  F im a r ic  a c i d ;
(b )  . . . .  I s o p im a r ic  a c i d ;
( c )  . . . .  D e h y d ro a b ie t ic  a c id ;
(d )  . . . .  A b i e t i c  a c i d .
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(a )  P im a r ic  a c id
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(b) I s o p im a r ic  a c id
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(c )  D e h y d ro a b ie t ic  a c id
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(d) A b ie t i c  a c i d
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F ig u re  3 .17  Gas chromatograms o f  th e  a l i p h a t i c  hydrocarbon  f r a c t i o n s  
i n  g rab  s e d im e n ts .  Coarse  g r a i n  sed im ents  (0 .125  mm < 
g r a in  s i z e  < 1 . 0  mm); Sampling l o c a t io n s  a r e  shown i n  
F ig u re  2 .4 ;  Numbers 17, 19, 2 1 ,  23 , 2 5 ,  27 , 2 9 ,  31 , and 
33 i n d i c a t e  carbon c h a in  le n g th  number o f  i i - a lk a n e s ;  C l ,  
C2, C3, C4, and C5 a r e  n ^ C l l ,  n - C l5 ,  2 -m e th y lo c ta d e c a n e , 
2 -m e th y le ic o s a n e ,  and c h o l e s t a n e ,  r e s p e c t i v e l y ,  used  as 
c o i n j e c t e d  s t a n d a r d s ;  and
(a )
(b )
(c )
S t a t i o n  P3; 
S t a t i o n  Y2; 
S t a t i o n  MR.
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p r i s t a n e  and p h y ta n e  and s m a l l  peaks e l u t i n g  a t  t h e  r e t e n t i o n  tim e of 
sandaracop im arad iene  (KI 1938) and th e  compounds KI 1974 a n d  2076 w ere  
a l s o  o b s e r v e d  i n  t h e s e  s a m p l e s .  The c o n c e n t r a t i o n s  o f  some o f  th e s e  
compounds a re  p l o t t e d  v e r s u s  s t a t i o n s  i n  F ig u re s  3 .1 8  ( a ) ,  ( b ) ,  and ( c ) .  
The c o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  p r i s t a n e  and n -C l8  fo l lo w  th o se  o f  
n -C l7  and  p h y ta n e  i n  F i g u r e  3 . 1 8  ( a )  w h e re a s  t h e  p r o f i l e s  o f  h i g h  
m o l e c u l a r  w e i g h t  n - a l k a n e s  (>  n -C 25) and t h e  UCM fo l lo w  t h a t  of th e  
t o t a l  r e s o lv e d  a l i p h a t i c  hydrocarbons  (F ig u re  3 .1 8  ( c ) ) .  These p r o f i l e s  
show r e l a t i v e l y  h igh  c o n c e n t r a t io n s  a t  s t a t i o n  F3 compared t o  the  o t h e r  
s t a t i o n s .  The c o n c e n t r a t i o n  o f  compound KI 1974 fo u n d  a t  s t a t i o n  MR 
(0 .60  jug/g d ry  sed im en t)  i s  ab o u t t h r e e  t im es  h ig h e r  th an  th o s e  found in  
th e  r i v e r  sed im en ts  (< 0 .2  jig /g  d ry  s e d im e n t)  . The sam p le  t a k e n  f ro m  
s t a t i o n  MR was an a ly z e d  by GC-MS and th e  compound KI 1974 was i d e n t i f i e d  
as  f i c h t e l i t e  (compound B4 in  Appendix I )  by comparing i t s  mass spectrum  
to  p u b lish e d  d a t a  ( B a r r ic k  and Hedges, 1981).
3 ,3 .3  A rom atic Hydrocarbon F r a c t io n s
Gas c h ro m a to g ra m s  o f  a r o m a t i c  h y d r o c a r b o n s  e x t r a c t e d  from th e  
c o a rse  sedim ent f r a c t i o n s  ta k e n  from s t a t i o n s  Y2} P 3 , and MR a r e  shown 
i n  F i g u r e s  3 . 1 9  ( a ) ,  ( b ) ,  an d  ( c ) .  The c h ro m a to g ra m s  a r e  s i m i l a r ,  
c o n ta in in g  a l a r g e  b ro ad  UCM and a s e r i e s  o f  r e s o lv e d  compounds, m a in ly  
PA H 's .  C o n c e n t r a t i o n s  of m a jo r  compounds a r e  shown in  T ab le  3 . 9 .  The 
samples taken  from  s t a t i o n s  MR, P3, and P4 w ere  a n a l y z e d  by  GC-MS and  
i d e n t i f i c a t i o n s  o f  some compounds a r e  g iven  in  T ab le  3 .1 0 .  The t o t a l  
c o n c e n t r a t io n  o f  r e s o lv e d  compounds i n  t h i s  f r a c t i o n  was fo u n d  to  be 
< 5 . 5  ju g /g  d r y  s e d im e n t  a t  a l l  s t a t i o n s .  I d e n t i f i c a t i o n s  o f  t h e  
com pounds ARI 3 0 3 ,  4 0 0 ,  4 0 4 ,  4 0 8 ,  4 3 2 ,  4 4 2 ,  and 446  w e r e  made b y
F ig u re  3 .18  C o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  some a l i p h a t i c
hy d rocarbons  in  g r a b  s e d im e n ts .  C oarse  g r a i n  sed im ents  
(0 .125  mm < g r a in  s i z e  < 1 . 0  mm); Sampling lo c a t io n s  a re  
shown in  F ig u re  2 . 4 ;  and
( a )  . . . .  Phytane and n -C l7 ;
(b )  . . . .  n -C29, KI 2076 (unknown); KI 1974 ( f i c h t e l i t e ) ;
( c )  . . . .  T o ta l  r e s o lv e d  a l i p h a t i c  h y d ro c a rb o n s ;
(d )  . . . .  Cp i 2 0 - 3 2  = carbon p r e f e r e n c e  in d e x .
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F ig u re  3 .1 9  Gas chromatograms o f  th e  a ro m a tic  hydrocarbon  f r a c t i o n s  in  
g rab  s e d im e n ts .  C oarse  g r a i n  sed im en ts  (0 .1 2 5  mm < g r a in  
s i z e  < 1 . 0  mm); Sampling l o c a t io n s  a r e  shown in  F ig u re  2 .4  
Numbers 2 00 ,  300, 400 , and 500 i n d i c a t e  compounds a t  AR1 
200 (p h e n a n th r e n e ) , ARI 300 ( p y r e n e ) ,  ARI 400 (c h ry s e n e /  
t r i p h e n y le n e / a n  o c ta h y d ro c h ry s e n e ,  and ARI 500 ( p e r y le n e ) ;  
C l ,  C2, and BN a r e  b ip h e n y l ,  hexam ethy lbenzene , and 1 , 1 ' -  
b i n a p h th y l ,  r e s p e c t i v e l y ,  used  as c o i n j e c t e d  s t a n d a r d s ;
I  i n d i c a t e s  c o n ta m in a t io n s  in  th e  GC system ; and
(a )  . . . . .  S t a t i o n  F3;
(b )   S t a t i o n  Y2;
(c )  . . . . .  S t a t i o n  MR.
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c o m p a r in g  t h e i r  m ass  s p e c t r a  t o  p u b l i s h e d  d a ta  (Wakeham e t  a l . ,  1979, 
1 9 8 0 ) .  The compound ARI 335 was i d e n t i f i e d  a s  r e t e n e  by c o m p a r in g  i t s  
m ass  s p e c t r u m  and  r e l a t i v e  r e t e n t i o n  t im e  t o  t h o s e  o f  th e  a u t h e n t i c  
s ta n d a r d .  T h is  compound was fo u n d  t o  be  t h e  m a jo r  com ponen t i n  t h e  
a r o m a t i c  h y d r o c a r b o n  f r a c t i o n  o f  th e  sample taken  from s t a t i o n  MR ( s e e  
F ig u re  3 .19  ( c ) ) .  The UCM o f  t h e  r i v e r  s e d im e n t  seem s t o  e x h i b i t  a 
b im o d a l  d i s t r i b u t i o n ,  w i t h  t h e  f i r s t  and second maxima lo c a te d  around 
pyrene and p e r y le n e ,  r e s p e c t i v e l y .  The gas chrom atogram  o f  t h e  sa m p le  
t a k e n  from  s t a t i o n  MR shows a unim odal UCM maximum between ch ry sen e  and 
p e r y l e n e •
The c o n c e n t r a t i o n s  o f  s e v e r a l  o f  t h e  PAH a r e  p l o t t e d  v e r s u s  
s t a t i o n s  i n  F i g u r e s  3 .2 0  ( a ) ,  ( b ) ,  ( c ) ,  a n d  ( d ) . In  m o s t  s a m p l e s  
( e x c e p t  a t  s t a t i o n  MR), u n s u b s t i t u t e d  PAH su ch  a s  f lu o r a n th e n e  (ARI 
286),  py rene  (ARI 3 0 0 ) ,  c h r y s e n e / t r i p h e n y l e n e  (ARI 4 0 0 ) ,  an d  p e r y l e n e  
(A RI 5 0 0 )  a r e  p r e d o m i n a n t .  The maximum c o n c e n t r a t i o n s  o f  t h e s e  
compounds, however, a r e  < 0 .31  jug/g d ry  s e d i m e n t .  The c o n c e n t r a t i o n -  
s t a t i o n  p r o f i l e s  o f  m o s t  PAH ( e x c e p t  p e r y l e n e  and  r e t e n e )  show 
r e l a t i v e l y  h ig h  c o n c e n t r a t io n s  a t  s t a t i o n  P3 and a r e  r e p r e s e n t e d  by t h e  
p r o f i l e  o f  th e  t o t a l  PAH.
F ig u re  3 .20  C o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  some a ro m a tic
hydrocarbons i n  g rab  Bedim ents. Coarse g r a i n  sed im en ts  
(0 .125  mm < g r a i n  s i z e  < 1 . 0  mm); Sampling lo c a t io n s  a r e  
shown in  F ig u re  2 .4 ;  and
(a )  . . . .  ARI 200 ( p h e n a n th r e n e ) , ARI 286 ( f l u o r a n t h e n e ) ,
ARI 300 ( p y r e n e ) ;
(b) . . . .  ARI 404 ( 3 , 4 , 7 , 1 2 a - t e t r a m e t h y l - l  , 2 , 3 , 4 , 4 a , 1 1 ,1 2 ,
1 2 a -o c ta h y d ro c h ry s e n e ) ; ARI 446 ( 3 , 3 , 7 - t r i m e t h y l -  
1 ,2 ,3 ,4 - t e t r a h y d r o c h r y s e n e ;  ARI 500 ( p e r y le n e ) ;
( c )  . . . .  T o ta l  r e s o lv e d  a ro m a tic s  and ARI 335 ( r e t e n e ) .
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3 . 4  R es in  A cids  and H ydrocarbons in  Core Sedim ents
3 . 4 .1  R esin  A cid  F r a c t i o n s
Gsb chromatograms o f  th e  r e s i n  a c i d  f r a c t i o n s  o b ta in e d  from c o re s  
P2, P 3 # l ,  P 3 # 2 ,  P 4 , P 6 , Y2, a n d  M2 show a s i m i l a r  p a t t e r n  t o  t h o s e  
p r e s e n t e d  i n  F ig u r e  3 .1 5 .  The c o n c e n t r a t i o n s  a re  g iv e n  in  Table 3 . 1 1 .  
The c o n c e n t r a t i o n s  o f  p i m a r i c  a c i d ,  i s o p i m a r i c  a c i d ,  d e h y d r o a b i e t i c  
a c i d ,  and a b i e t i c  a c i d  a r e  p l o t t e d  v e r s u s  d e p t h  a s  shown in  F ig u re s  
3 .21  th rough  3 .2 4 .  T he  c o n c e n t r a t i o n - d e p t h  p r o f i l e s  i n  t h e s e  c o r e s  
( e x c e p t  c o r e  P2) show r e l a t i v e l y  h ig h  c o n c e n t r a t i o n s  in  th e  to p  s e c t i o n  
o f  th e  c o re .
3 . 4 . 2  A l i p h a t i c  Hydrocarbon F r a c t i o n s
Gas chromatograms o f  th e  a l i p h a t i c  h y d roca rbon  f r a c t i o n s  o f  c o r e
P3#2 s e c t i o n s  0 -6 ,  6 -1 0  cm, 12-16 cm, 20-24 cm, 24-28 cm, 28-32 cm, and
34-40 cm, a r e  shown i n  F ig u re s  3 .2 5  (a )  th rough  ( g ) .  The ch ro m a to g ra m s
c o n s i s t  o f  a s e r i e s  o f  n - a lk a n e s  and a l a r g e  b ro ad  UCM. The d i s t r i b u t i o n
p a t t e r n s  a r e  s i m i l a r  t o  t h o s e  f o u n d  i n  s u r f a c e  s e d i m e n t s .
C o n c e n t r a t i o n s  o f  s e l e c t e d  co m p o u n d s ,  UCM, and ^^^20-32 a r e  g *ven
T ab le  3 .1 2  and p l o t t e d  v e r s u s  d e p th  in  F ig u re  3 . 2 6 .  The d e p th  p r o f i l e s
o f  n -C l6 ,  n -C l7 ,  p r i s t a n e ,  and n_-Cl8 fo l lo w  t h a t  o f  phy tane  (F ig u re  3 .2 6
( a ) )  w h ile  th e  p r o f i l e s  o f  h ig h  Mtf n - a l k a n e s  (>  n -C 2 3 )  f o l l o w  t h a t  o f
n - C 2 9 . T he  UCM o f  t h e  to p  s e d im e n t  (0 -1 6  cm) seem s t o  e x h i b i t  a
t r im o d a l  d i s t r i b u t i o n  s i m i l a r  t o  t h a t  found in  th e  r i v e r  g r a b  s a m p l e s .
H ow ever ,  i n  d e e p e r  s e d im e n t  ( 2 8 - 4 0  cm) th e  second maximum o f  th e  UCM
d is a p p e a r s  and th e  f i r s t  maximum i s  l e s s  p ro n o u n c e d  co m p ared  to  t h e
t h i r d .  The c o n c e n t r a t i o n - d e p t h  p r o f i l e s  o f  n - C l 7 ,  n -C l8 ,  p r i s t a n e ,
*
p h y ta n e ,  KI 2076, and UCM e x h i b i t  a maximum a t  dep th  o f  6-10 cm which
90
T a b le  3 .11  C o n c e n t ra t io n s  o f  R es in  A cids (a s  M ethyl E s t e r s )  
i n  Core S e d im e n ts .
Depth C o n c e n t ra t io n  in  Jig /g  d ry  sed im ent
(cm) P im a r ic Sandaraco Isopima Dehydroa 
p im a r ic  r i c  b i e t i c
Core P2
Ab i e t  i c T o ta l
0-2 0 .0 4 0 .03 0.05 0.41 nd 0 .53
2-4 0 .0 3 nd nd 0 .2 4 nd 0 .27
4-6 nd nd 0 .04 0.13 nd 0 .17
6-8 nd nd 0.03 0 .02 nd 0 .05
8-10 0 .0 8 0 .0 5 0.08 0 .52 nd 0 .73
10-12 0 .0 8 0 .0 4 0.06 0 .45 nd 0 .63
12-14 0 .29 0 .10 0.32 1 .3 0.16 2 .2
16-18 0 .10 0 .03 0 .0 4 1.6 0 .05 1 .8
18-20 0 .13 0 .05 0.17 0 .75 0 .0 4 1 .1
20-22 0 .0 6 0 .0 2 0 .14 0 .39 nd 0 .61
22-24 0 .0 5 0 .0 4 0 .04 0 .2 4 nd 0 .37
24-34 0 .11 0.03 0.13 0 .59 0 .13 1
34-44 0 .06 0 .0 2
Core
0 .08
P3#l
0 .42 0 .05 0 .6 3
0-4 0 .3 8 0 .08 0.49 2 .6 0 .33 3 .9
4-6 0 .0 4 0 .01 0.03 1 .6 0 .13 1 .8
8-10 0 .17 0 .0 4 0,15 1 .3 0.13 1 .8
10-12 0 .21 0 .0 4 0 .25 1 .5 0 .09 2 .1
12-16 0 .51 0 .11 0.63 3 .2 0 .31 4 .8
16-18 0 .43 0 .0 8 0.61 2 .8 0 .13 4 .1
18-20 0.67 0 .1 2 0.80 4 .2 0 .69 6 .5
20-22 0.17 0 .0 4 0.18 1 .4 0 .09 1.9
24-34 0 .1 8 0 .0 4 0.27 
Core P3#2
1.3 0.01 1 .9
0-6 0 .43 0 .21 0.43 1.6 0 .11 4 .5
6-10 0 .82 0 .1 5 1 .1 6 .0 1 .5 8 .5
12-16 0 .63 0 .13 0.77 3 .9 0 .6 4 6 .1
16-20 0.57 0 .1 0 0.72 3 .7 0 .6 2 5 .7
20-24 0 .55 0 .16 0 .4 4 5 .0 0 .0 4 6 .2
24-28 0 .30 0 .0 8 0.21 1.6 0 .05 2 .3
28-32 0 .0 2 nd 0.02 0.61 0.03 0 .6 8
34-40 0 .0 4 nd 0.02 0 .33 nd 0 .39
(c o n tin u e d )
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Table 3.11 Continued.
Depth C o n c e n t ra t io n  in  j ig /g  d ry  sed im ent
(cm) P im a ric  Sandaraco Isopima Dehydroa A b ie t i c  T o ta l
p im a r ic  r i c  b i e t i c
Core P4
0-2 0.62 0 .1 4 0.96 4 .1 1 .4 7 .9
2 -4 0 .06 0 .0 4 0 .06 1 .1 nd 1.3
4-6 0 .32 0 .07 0.41 2 .1 0 .26 3 .2
6-8 0 .54 0 .12 0 .6 4 3 .1 0 .57 5 .0
8-10 0.17 0 .0 4 0 .17 1 .3 nd 1 .6
10-12 0 .18 0 .0 4 0 .23 0 .98 0 .22 1 .6
12-14 0.09 0 .03 0 .12 0.59 0 .0 4 0.87
14-16 0 .1 4 0.03 0 .1 8 0.66 0 .1 8 1 .2
16-18 0.19 0 .05 0.26 1 .1 0 .11 1.7
18-20 0.17 0 .0 4 0.20 1 .1 0 .06 1 .6
20-22 0.10 0.03 0.11 0 .52 nd 0 .76
24-26 0 .24 0 .06 0 .32 1.1 0 .17 1 .9
26-28 0.10 0 .02 1 .3 0 .58 0 .12 2 .1
28-30 0.05 0.03 0 .0 4 0 .1 8 0 .05 0 .35
34-36 nd nd nd
Core P6
0 .1 4 nd 0 .1 4
0-2 0.19 0 .04 0 .26 1 .5 0 .41 2 .4
2-4 0 .38 0 .09 0 .52 3 .0 0 .15 4 .1
6 -8 0 .1 4 0 .03 0 .1 8 1.1 0 .11 1 .6
8-10 0.29 0.07 0 .40 1.9 0.06 2 .7
12-14 0 .15 0 .03 0 .19 1 .2 0 .0 4 1 .6
14-16 0 .05 nd 0 .0 8 0 .32 nd 0 .4 5
18-20 0 .10 0 .02 0.17 1.3 0 .3 2 1 .9
20-22 0.07 0.01 0.07 0 .35 nd 0 .5 0
24-26 0 .24 0.06 0 .3 4 1.1 0 .06 1 .9
28-30 0.13 0 .03 0.16 0.71 nd 1 .0
30-34 0.15 0 .0 4 0 .19  
Core H2
0 .91 nd 1 .3
0-10 0.13 0 .03 0 .1 4 1.3 0 .03 1.7
10-15 1 .0 0.01 0 .02 0 .91 0.01 2 .0
Core Y2
4-8 0 .21 nd 0 .2 8 1 .2 0 .36 2 .1
12-16 0 .20 nd 0 .29 0 .89 0 .18 1 .6
16-20 0.17 nd 0.23 0 .80 0.13 1 .3
20-26 0 .13 nd 0.17 0.76 0 .18 1 .2
Note: nd “ n o t  d e t e c te d  o f  < 0 .03  J ig /g  d ry  se d im e n t .
F ig u re  3 .21  C o n c e n t ra t io n -d e p th  p r o f i l e s  o f  p im a r ic  a c i d  in  co re
se d im e n ts .  Sampling l o c a t io n s  a r e  shown in  F ig u re  2 .4  
Where:
(a )   S t a t i o n  P2;
(b )   S t a t i o n  P 3 ,  i . e . ,  P3#l and P3#2;
(c )   S t a t i o n  P4;
(d)  S t a t i o n  P6;
( e )   S t a t i o n  M2;
( f )   S t a t i o n  Y2; and
ppm = jug/g d ry  sed im en t .
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Figure 3.22 Concentration-depth profiles of isopimaric acid in core
sediments. Sampling locations are shown in Figure 2.4;
Where:
( a )   S t a t i o n  F2;
(b )   S t a t i o n  P 3 , i . e . ,  P3#l and P3#2;
( c )   S t a t i o n  F4;
(d )   S t a t i o n  P6;
( e )   S t a t i o n  M2;
( f )   S t a t i o n  Y2; and
ppm ** j ig /g  d ry  se d im e n t .
(a) Station P2 (b) Station P3
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Figure 3.23 Concentration-depth profiles of dehydroabietic acid in
core sediments. Sampling locations are shown in Figure
2.4; Where:
( a )   S t a t i o n  F2;
(b )   S t a t i o n  P 3 , i . e . ,  P3#l and ?3#2;
( c )   S t a t i o n  P4;
(d )   S t a t i o n  P6;
( e )   S t a t i o n  M2;
( f )   S t a t i o n  Y2; and
ppm = ng/gra d r y  s e d im e n t .
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C o n c e n t r a t io n ,  ppm C o n c e n t r a t io n ,  ppm
6.0
« 20
P3//1
P3//2
10
20
30
40
50
(c) S t a t i o n  P4 (d) S t a t i o n  P6
C o n c e n t ra t io n ,  ppm C o n c e n t r a t io n ,  ppm
1 .0  2 .0  3 .0  4 .000
10
£ 20 
o.
30
40
2 .0  3 .0 5 .0
10
20
30
40
(e)  S t a t i o n  M2 ( f )  S t a t i o n  Y2
C o n c e n t ra t io n ,  ppm C o n c e n t r a t io n ,  ppm
2 . 0
20
30
Figure 3.24 Concentration-depth profiles of abietic acid in core
sediments. Sampling locations are shown in Figure 2.4
Where:
(a )   S t a t i o n  P2;
Cb)  S t a t i o n  P3 , i . e . ,  P3#l and P3#2;
( c )   S t a t i o n  P4;
(d )   S t a t i o n  P6;
( e )   S t a t i o n  M2;
( f )   S t a t i o n  Y2; and
ppm « pg/gm d ry  sed im e n t .
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F ig u re  3 .2 5  Gas chromatograms o f  th e  a l i p h a t i c  hydrocarbon  f r a c t i o n s
o f  co re  P3#2. Numbers 17 , 19, 2 1 ,  23 , 2 5 ,  27 , 29 , 3 1 ,  and 
33 i n d i c a t e  ca rbon  c h a in  le n g th  number o f  n .-a lkanes ;  C l ,  
C2, C3, C4, and C5 a r e  n - C l l ,  n -C 15, 2 -m e th y lo c tad eca n e ,  
2 -m e th y le ic o s a n e ,  and c h o l e s t a n e ,  r e s p e c t i v e l y ,  u sed  as 
c o i n je c t e d  s t a n d a r d s ;  and
(a )   Depth 6-10 cm;
(b)  Depth 12-16 cm;
(c )   Depth 20-24  cm;
(d)  Depth 24-28 cm;
(e )   Depth 28-32 cm;
( f )   Depth 34-40 cm.
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T ab le  3 .12  C o n c e n t ra t io n s  o f  some A l ip h a t i c  Hydrocarbons in  Core P3#2. 
KIa  C o n c e n t ra t io n  i n  n g /g  d ry  sedim ent
SE-52 Depth i n  cm.
0-6 6-10 12-16 20-24 24-28 28-32 34-40
1600 35 340 37 45 35 44 42
1650 1600. - 110 130 17 37 31
1700 460 650 330 210 76 110 100
1706 900 360 360 63 92 78
1800 180 700 190 230 36 59 54
1809 400 1200 440 420 70 69 90
1900 260 540 270 190 86 120 150
1941 - 150 160 - 31 25 -
1974 52 37 180 66 - - 41
1985 45 240 110 51 - - -
2000 160 652 410 140 96 110 100
2076 110 270 230 190 50 - -
2100 260 390 280 180 180 250 270
2200 230 330 260 190 180 300 270
2300 590 890 700 430 537 600 740
2400 360 710 450 280 340 420 370
2500 1000 1200 1000 620 820 1000 990
2600 520 600 580 340 400 490 430
2700 1400 1300 1600 880 960 1400 1400
2800 480 830 990 630 580 660 560
2900 2200 2500 2700 1500 1900 2900 2700
3000 970 570 540 330 460 590 580
3100 2000 2300 1900 1000 1400 2700 2300
3200 290 270 300 150 210 280 270
3300 800 780 810 400 620 720 890
T o t a l 0 16 32 25 15 14 21 16
HCM° 151 262 168 72 66 56 56
CPI 2 .7 2 .5 2 .6 2 .4 2 .8 3 .0 3 .5
P r /P h - 0 .75 0 .8 2 0 .86 0 .90 1 .3 0.87
N otes : a = Kovats in d ic e s  (K o v a ts , 1958),  see  i d e n t i f i c a t i o n  in  
T ab le  3 .4 ;  b = in c lu d in g  p r i s t a n e  (KI 1706); — = n o t  d e t e c t e d  o r  < 10
ng/g  d ry  sed im e n t;  c = i n  n g /g  d ry  sed im en t;  d °  ran g e  from n.-C20 
to  n-C32, S im oneit (197 8 ) ;  P r /P h  = KI 1706/KI 1809.
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F ig u re  3 .26  C o n c e n t ra t io n -d e p th  p r o f i l e s  o f  some a ro m a t ic  h y d rocarbons  in 
Core P3#2. where
(a)  KI 2076, P h y ta n e ,  and n-C29;
(b) .........  UCM and t o t a l  r e s o lv e d  compound;
(c) .........  CPI
20-32.
d i f f e r  f ro m  th o s e  of th e  h igh  MW n -a lk a n e s  (>  n -C 23).  The c*,*£0-32 a re  
r e l a t i v e l y  c o n s ta n t  ( 2 . 4 - 2 . 7 ) . from 0 -24  cm b e fo re  i n c r e a s i n g  g r a d u a l l y  
t o  3 .5  a t  34-40 cm (F ig u re  3 .26  ( c ) ) .
3 . 4 . 3  Aromatic Hydrocarbon F r a c t i o n
Gas c h ro m a to g ra m s  o f  t h e  a r o m a t i c  hydrocarbon  f r a c t i o n  o f  co re  
P3#2 s e c t i o n s  0-6 cm, 6-10  cm, 12-16 cm, 20 -24  cm, 2 4 -2 8  cm, and  34 -40  
cm a r e  shown in  F ig u re s  3 .27  (a )  th rough  ( f ) .  The d i s t r i b u t i o n  p a t t e r n  
c o n s i s t s  o f  a l a r g e  b road  t r im o d a l  UCM where th e  f i r s t ,  th e  s e c o n d ,  and 
t h i r d  maxima a r e  a ro u n d  p y r e n e ,  c h ry se n e ,  and p e r y le n e ,  r e s p e c t i v e l y .  
The f i r s t  and second maxima appea r  t o  be l e s s  pronounced th an  t h e  t h i r d  
maximum i n  t h e  t o p  s e d im e n t  ( 0 - 6  cm ) . However, t h e  f i r s t  and second 
maxima a r e  m ore p ro n o u n c e d  w i t h  i n c r e a s i n g  d e p th  up t o  24 cm, b u t  
d e c re a se  a f t e r w a r d s .  The i d e n t i f i c a t i o n s  (GC-MS) o f  t h e  m ajor compounds 
i n  th e  sample 24-28 cm (T a b le  3 .1 0 )  show t h a t  th e se  compounds a r e  PAH's 
h a v i n g  p y r o g e n i c  and b i o g e n i c  o r i g i n s .  C o n c e n t r a t i o n s  o f  s e l e c t e d  
compounds a re  g iv e n  in  T ab le  3.13 and p l o t t e d  v e r s u s  d e p t h  i n  F i g u r e s
3 . 2 8  ( a )  t h r o u g h  ( e ) .  The c o n c e n t r a t i o n - d e p t h  p r o f i l e s  o f  t h e  PAH 
h av in g  py rogen ic  o r i g i n  fo l lo w  th o s e  o f  p h enan th rene  and p y ren e  ( F i g u r e
3 .2 8  ( a ) ) .  The p r o f i l e s  show a maximum a t  d e p th  12-16 cm. The p r o f i l e s  
o f  3 , 3 , 7 - t r i m e t h y l - l , 2 , 3 , 4 , 4 a , 1 2 a - t e t r a h y d r o c h r y s e n e  (ARI 4 4 6 )  and 
unknown a t  ARI 506 ( F i g u r e  3 .2 8  ( d ) )  have s i m i l a r  p r o f i l e s  showing an 
in c r e a s in g  t re n d  below a d e p th  o f  28 cm. D epth p r o f i l e s  o f  p e ry le n e  and 
o c tah y d ro ch ry sen e  d e r i v a t i v e s  (ARI 400 o r  401 ,  404, and 408) a r e  s im i la r  
and e x h i b i t  an i n c r e a s e  i n  c o n c e n t r a t io n s  below  24 cm d e p th .  The d e p th  
p r o f i l e  o f  r e t e n e  (F ig u re  3 .28  ( c ) )  shows a  r e l a t i v e l y  c o n s ta n t  p r o f i l e  
compared to  the  o th e r  PAH m entioned e a r l i e r .
F ig u re  3 .2 7  Gas chromatograms o f  th e  a ro m a tic  h yd rocarbon  f r a c t i o n s  o f  
co re  P3#2. Numbers 200 , 300, 4 00 ,  and 500 a r e  th e  
compounds a t  ARI 200 (p h e n a n th re n e )  , ARI 300 ( p y r e n e ) ,
ARI 400 ( c h r y s e n e / t r ip h e n y le n e /a n  o c ta h y d r o c h r y s e n e ) , and 
ARI 500 ( p e r y l e n e ) ,  r e s p e c t i v e l y ;  C l ,  C2, and BN a re  
b ip h e n y l ,  hexam ethy lbenzene , and 1 , l ' ‘- b i n a p h t h y l ,  
r e s p e c t i v e l y ,  u sed  as c o i n je c t e d  s t a n d a r d s ;  I  i n d i c a t e s  
co n tam in a tio n s  in  th e  GC system ; and
(a )   Depth 0-6 cm;
(b)  Depth 6-10 cm;
(c )  . . . . .  Depth 12-16 cm;
(d )  . . . . .  Depth 20-24 cm;
(e )   Depth 24-28 cm;
( f )   Depth 34-40 cm.
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T ab le  3 ,1 3  C o n c e n t ra t io n s  o f  some A rom atic Hydrocarbons i n  Core P3#2.
ARI3 C o n c e n t ra t io n  in ng /g  d ry  sedim ent
SE-52 Depth in  cm.
0-6 6-10 12-16 20-24 24-28 34-40
200 84 67 95 39 35 27
203 - - 19 - - -
286 174 150 180 100 92 72
300 256 310 340 160 76 65
335. 96 100 78 83 100 73
400 250 130 190 75 110 230
404 50 49 70 25 40 110
408 86 44 70 23 75 150
446 120 160 220 89 55 77
476 150 120 130 83 78 64
491 26 60 57 30 21 25
494 92 83 28 19 20 16
500 270 200 250 100 180 480
506 170 230 200 72 120 150
T o t a l 0 3 .3 6 .3 6 .3 1 .8 2 .2 2 .8
UCMC 34 44 40 19 15 15
N otes : a = arom at ic r e t e n t  ion in d ic e s ( B i e r i e t  a l .
1 9 8 1 ) ,  see  T ab le  3 .10  f o r  i d e n t i f i c a t i o n  o f  th e  compounds; 
b = p o s s i b l e  c o e l u t i o n  o f  c h r y s e n e / t r ip h e n y le n e  and an o c t a -  
h y d ro ch ry sen e ;  -  « n o t  d e t e c te d  o r  < 10 n g /g  d ry  sed im en t;  
c = i n  n g /g  d ry  se d im e n t .
Figure 3, C o n c e n t ra t io n -d e p th  p r o f i l e s  o f  some p o ly n u c le a r  a ro m a tic  
hydrocarbons  i n  core  P3#2 . Where:
(a )  . . . .  ASI 200 (p h e n a n th re n e ) ; ART 300 (p y re n e ) ;
(b )  . . . .  ARI 400 ( c h r y s e n e / t r ip h e n y le n e /a n  o c ta h y d ro -
chrysene; ARI 404 (3 ,4,7 ,12a-*tetramethyl-l ,2,3 , 
4,4a,ll,12,12a-octahydrochryBene); ARI 404 
(3,3,7,12a-tetramethyl-l,2,3,4,4a,11,12,12a-octa- 
hydrochrysene);
(c )  . . . .  ARI 335 ( r e t e n e ) ;  ARI 500 ( p e r y l e n e ) ;
(d )  . . . .  ARI 446 ( 3 , 3 , 7 - t r i m e t h y l - l , 2 , 3 , 4 - t e t r a h y d r o -
c h ry s e n e ) ;  ARI 506 (unknown);
(d )  . . . .  T o t a l  r e s o lv e d  PAH; and 
ppb = n g /g  d ry  sed im en t;  
ppm = n g /g  d ry  sed im en t.
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CHAPTER 4 
DISCUSSION
4 .1  A n a ly t i c a l  Method
The i d e n t i f i c a t i o n s  o f  p i m a r i c  a c i d ,  s a n d a r a c o p i m a r i c  a c i d ,  
i s o p im a r ic  a c i d ,  d e h y d ro a b ie t i c  a c i d ,  and a b i e t i c  a c i d  i n  KPPME an d  i n  
th e  sed im en ts  u s in g  r e l a t i v e  r e t e n t i o n  t im es  employed in  t h i s  s tudy  have 
been  found to  be r e l i a b l e .  The r e p r o d u c i b i l i t y  o f  r e l a t i v e  r e t e n t i o n  
t i m e s  o f  t h e s e  a c i d s  i s  > 99% ( T a b l e  A 4 .2  i n  A p p e n d ix  I V ) .  The 
i d e n t i f i c a t i o n s  o f  t h e s e  a c id s  w ere  confirm ed by mass s p e c t r o m e t r y  w i t h  
a u t h e n t i c  s t a n d a r d s  a s  shown i n  A p p en d ix  I I ,  w i t h  t h e  e x c e p t i o n  o f  
m ethy l i s o p im a r a te .  The d i f f e r e n c e s  between th e  maBS spectrum  o f m e thy l 
i s o p i m a r a t e  i n  t h e  s t a n d a r d  a n d  th o se  o f  th e  compounds e l u t i n g  a t  th e  
same r e t e n t i o n  time in  th e  KPPME and sedim ent e x t r a c t s  were l i k e l y  to  be 
due t o  c o e l u t i o n  w ith  a n o th e r  compound.
The c o n c e n t r a t i o n s  o f  p i m a r i c  a c i d ,  s a n d a r a c o p i m a r i c  a c i d ,  
i s o p i m a r i c  a c i d ,  d e h y d ro a b ie t i c  a c i d ,  and a b i e t i c  a c id  o b ta in e d  in  t h i s  
s tu d y  a r e  s e m i q u a n t i t a t i v e  d u e  t o  t h e  d i f f i c u l t y  i n  o b t a i n i n g  p u r e  
s ta n d a rd s  and th e  p o s s i b i l i t y  o f  c o e l u t i o n .  I m p u r i t i e s  in  th e  s ta n d a rd s  
and d e g ra d a t io n  o f  r e s i n  a c i d s  a r e  t h e  two m a jo r  f a c t o r s  t h a t  c o u l d  
a f f e c t  t h e  d e t e r m i n a t i o n  o f  r e s i n  a c id  c o n c e n t r a t i o n s  in  th e  sam p les .  
The p r e s e n c e  o f  i m p u r i t i e s  i n  t h e  s t a n d a r d s  w o u ld  r e s u l t  i n  an  
o v e r e s t i m a t i o n  o f  th e  c o n c e n t r a t i o n s .  Due to  th e  ea se  o f  i s o m e r iz a t io n  
and o x id a t io n  caused by m in e ra l  a c i d s  and h e a t  o f  th e  a b i e t i c  ty p e  r e s i n
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a c i d s  w i t h  c o n ju g a te d  d i e n e s ,  l o s s  o f  th e  p a re n t  compounds i s  p o s s i b l e .
An example f o r  t h i s  i s  t h e  i s o m e r iz a t io n  o f  n e o a b i e t i c  a c i d  t o  a b i e t i c  
a c i d  b y  t h e  u s e  o f  2% s u l f u r i c  a c id -m e th a n o l  in  t h e  i s o l a t i o n  s t e p  used  
in  t h i s  s tudy  ( s e e  S e c t io n  F in  Appendix IV ) . O x id a t io n  o f  a b i e t i c  a c id  
to  o t h e r  r e s i n  a c id  p r o d u c ts  i s  l i k e l y  to  occur and some o f  th e  p ro b a b le  
p r o d u c ts  which c o n ta in  hydroperoxy , hydroxy , o r  k e t o  g r o u p s  may b e  to o  
p o l a r  t o  be d e t e c t e d  by GC a n a l y s i s .
D i f f e r e n c e s  i n  am o u n ts  o f  s u s p e n d e d  s o l i d s  a n d  pH a r e  a l s o  
i m p o r t a n t  i n  t h e  d e t e r m i n a t i o n  o f  r e s i n  a c i d  c o n c e n t r a t i o n s  in  th e  
KPPME. The r e s u l t s  o b t a i n e d  f ro m  f i l t r a t i o n  o f  t h e  KPPME in  s a m p le  
s e t  1 a t  pH 8 a n d  pH 3 show  t h a t  a p p r o x i m a t e l y  30% an d  80%, 
r e s p e c t i v e l y ,  o f  r e s i n  a c i d s  a r e  a s s o c i a t e d  w i t h  s u s p e n d e d  s o l i d s  o f  
s i z e  > 10 jum. The low pH ap p ea rs  to  in c r e a s e  th e  amounts o f  r e s i n  a c id s  
a s s o c i a t e d  w ith  suspended s o l i d s .  T h is  may be due to  th e  f a c t  t h a t  low 
pH f a v o r s  t h e  u n i o n i z e d  fo rm ,  r e s u l t i n g  in  p r e c i p i t a t i o n  o f  th e  a c id  
compounds.
I n  g e n e r a l ,  t h e  u s e  o f  d i f f e r e n t  a n a l y t i c a l  t e c h n i q u e s  t o  
d e te rm in e  c o n c e n t r a t io n s  o f  r e s i n  a c id s  may g iv e  d i f f e r e n t  r e s u l t s .  I n  
o r d e r  t o  i n v e s t i g a t e  i f  t h e  m e th o d  u s e d  i n  t h i s  s t u d y  (VIMS) i s  
com parable to  th e  methods used by o t h e r s ,  th e  secondary  e f f l u e n t  samples 
( s a m p l e  s e t  2 ) ,  b o th  f i l t e r e d  and u n f i l t e r e d ,  were s e n t  to  th e  N a t io n a l  
C ounc i l  o f  Paper I n d u s t r y  f o r  A i r  and  S t r e a m  Im p ro v em en t (NCASl) f o r  
a n a l y s i s  o f  a b i e t i c  a c i d  and  d e h y d r o a b i e t i c  a c i d .  The C h e sa p e a k e  
C o r p o r a t i o n  o f  V i r g i n i a  (CCV) a l s o  a n a l y z e d  t h e s e  s a m p le s  f o r  t h e  
a b i e t i c  ty p e  r e s i n  a c i d s  u s i n g  t h e  McDonald m ethod. The r e s u l t s  a re  
shown i n  Table 4 . 1 .
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T ab le  4 .1  Comparison o f  D e h y d ro a b ie t ic  Acid and A b ie t i c  Acid O btained  
from  th e  Method Used in  t h i s  S tudy to  th o s e  Used by th e  
NCASI and th e  CCV.
C o n c e n t ra t io n  in  mg/L 
D eh y d ro a b ie t ic  A b ie t i c  T o ta l
F i l t e r e d  secondary  e f f l u e n t
NCASI 0 .5 4  0 .67  1 .2
VIMS 0 .77  0 .8 8  1 .5
CCV 3 .5 *
U n f i l t e r e d  secondary  e f f l u e n t
NCASI 0 .87  1 .1  2 .0
VIMS 1 .4  1 .8  3 .2
CCV 7 .8 *
N ote : * « a b i e t i c  ty p e  r e s i n  a c i d s .
The r e s u l t s  show t h a t  th e  method used  in  th i 6  s tu d y  i s  c o m p a ra b le  
t o  t h a t  u sed  by th e  NCASI. The NCASI used  e t h y l  e t h e r  as th e  e x t r a c t i n g  
s o lv e n t  and th e  c o n c e n t r a t io n s  o f  d e h y d r o a b ie t i c  and a b i e t i c  a c i d s  w ere  
c a l c u l a t e d  a s  t h e i r  m ethy l e s t e r s  u s in g  GC-MS. N -p ro p y ld e h y d ro a b ie ta te  
was used as  th e  i n t e r n a l  s ta n d a r d .  The samples e x t r a c t e d  in  t h i s  s tu d y  
w e re  s e p a r a t e d  i n t o  a  r e s i n  a c i d  f r a c t i o n  and th e n  an a ly z e d  f o r  r e s i n  
a c i d s  as t h e i r  methyl e s t e r  by GC. The c o n c e n t r a t i o n s  o f  d e h y d ro a b ie t i c  
a c i d  and a b i e t i c  a c i d  w e re  c a l c u l a t e d  u s i n g  t h e  GC r e s p o n s e  o f  th e  
m e th y l e s t e r  o f  a 96% p u re  d e h y d ro a b ie t i c  a c id  s t a n d a r d .  The r e l a t i v e l y  
low  c o n c e n t r a t i o n s  r e p o r t e d  by th e  NCASI may be due t o  d e g ra d a t io n s  o f  
r e s i n  a c id s  i n  th e  sam ples s in c e  th e  NCASI r e p o r te d  th e  r e s u l t s  2 months 
a f t e r  c o l l e c t i o n .  A pproxim ate ly  20% and 40% d e c re a se s  in  c o n c e n t r a t i o n s  
o f  r e s i n  a c i d s  were ob se rv ed  a f t e r  s t o r a g e  o f  2 and  4 w eeks a t  1 4 °  C, 
r e s p e c t i v e l y .  The r e s u l t s  o b t a in e d  from th e  McDonald method a r e  h ig h  
(> 4 fo ld )  compared to  th e  methods used  by th e  NCASI and in  t h i s  s t u d y .
The rea so n  f o r  th e se  h ig h  c o n c e n t r a t io n s  a re  no t  known. In  th e  McDonald
m ethod, th e  a c i d i f i e d  sampleB were e x t r a c t e d  w i t h  p e t r o l e u m  e t h e r  and
110
q u a n t i t a t i o n  was made u s i n g  a c o l o r i m e t r i c  m ethod. The re c o v e ry  and 
r e p r o d u c i b i l i t y  o f  th e  method a r e  u n l i k e l y  t o  b e  r e s p o n s i b l e  f o r  t h e  
h i g h  c o n c e n t r a t i o n s .  P o s s i b l e  i n t e r f e r e n c e  in  t h e  c o l o r i m e t r i c  
d e te rm in a t io n  due to  th e  p re se n c e  o f  u n s a tu r a t e d  f a t t y  a c i d s  and s t e r o l s  
i s  a l s o  u n l i k e l y  t o  be  t h e  p r i m a r y  c a u s e .  I t  was r e p o r t e d  t h a t  in  a 
25 ml s o l u t i o n  o f  t h e  f i l t r a t e ,  e i t h e r  1 mg o f  o l e i c  a c i d ,  l i n o l e i c  
a c i d ,  o r  ^ - s i t o s t e r o l  r e s u l t e d  i n  an  o p t i c a l  d e n s i t y  e q u i v a l e n t  to  
0 .1 4  mg, 0 .1 0  mg, and 0 .1 4  mg, r e s p e c t i v e l y ,  o f  a b i e t i c  a c id  (M cD onald , 
1978).  I f  th e  i n t e r f e r e n c e  i s  due t o  th e s e  compounds, c o n c e n t r a t i o n s  o f  
a p p ro x im a te ly  26 mg/L and 60 mg/L o f  t h e  compounds w ould  b e  p r e s e n t  i n  
th e  f i l t e r e d  and u n f i l t e r e d  sam ples ,  r e s p e c t i v e l y .  Based on the  r e s u l t s  
r e p o r te d  by E as ty  e t  a l .  (1 9 7 8 ) ,  th e  KPPME p r o d u c e d  by t h e  C h e sa p e a k e  
C o r p o r a t i o n  o f  V i r g i n i a  c o n ta in e d  s i m i l a r  amounts o f  u n s a tu r a t e d  f a t t y  
a c id s  and a b i e t i c  a c i d .  I f  t h i s  i s  t r u e ,  t h e  p r e s e n c e  o f  u n s a t u r a t e d  
f a t t y  a c i d s  i n  t h e  KPPME c o u ld  be r e s p o n s ib le  f o r  ap p ro x im a te ly  4% o f  
t h e  d i f f e r e n c e s .
The a n a l y t i c a l  method u se d  in  t h i s  s tudy  caused i s o m e r iz a t io n  o f  
n e o a b i e t i c  a c id  and p o s s i b l e  o x id a t io n  o f  a b i e t i c  a c i d .  H ow ever,  t h e  
m e thod  i s  r e p r o d u c i b l e  f o r  t h e  a n a l y s i s  o f  r e s i n  a c i d s  i n  KPPME as 
ev idenced  from th e  r e l a t i v e  s ta n d a rd  d e v i a t i o n  o f  +15% o b ta in e d  f o r  a l l  
r e s i n  a c i d s  b o t h  i n  f i l t e r e d  an d  u n f i l t e r e d  secondary  e f f l u e n t s  ( s e e  
T a b le  2 . 3 ) .  The i s o m e r i z a t i o n  a n d  o x i d a t i o n  p r o b l e m s  c o u l d  b e  
a l l e v i a t e d  by  u s i n g  w e a k  a c i d s  s u c h  a s  t o l u e n e s u l p h o n i c  a c i d  a s  
recommended by Mahood and R o g e rs  ( 1 9 7 5 )  i n s t e a d  o f  2% s u l f u r i c  a c i d -  
m e t h a n o l  i n  t h e  i s o l a t i o n  s t e p  o r  e l i m i n a t i o n  o f  t h i s  s t e p  i f  t h e  
s e p a r a t io n  o f  f a t t y  a c id  and r e s i n  a c id s  i s  n o t  r e q u i r e d .
Ill
4 . 2  Res in  Acids  and Hydrocarbons i n  th e  KPPME
4 . 2 . 1  ReBin Acids  i n  t h e  KPPME
The p r e s e n c e  o f  a b i e t i c  a c i d ,  d e h y d r o a b i e t i c  a c i d ,  i s o p im a r i c  
a c i d ,  p i m a r i c  a c i d ,  and  s a n d a r a c o p i m a r i c  a c i d  i n  t h e  KPPME s a m p l e s  
an a ly zed  i n  t h i s  s tudy  i s  i n  g e n e r a l  agreement w i th  o t h e r  r e p o r t s  (Leach 
and Thakore ,  1973; Fox, 1977; Brovnlee  and S t r a c h a n ,  1977;  K e i t h ,  1979;  
E a s t y  e t  a l . ,  1 9 7 8 ) .  These a c i d s  a r e  d e r iv e d  from r e s i n  a c i d s  p r e s e n t  
in  t h e  wood ch ip s  used as a  raw m a t e r i a l  i n  t h e  p u l p i n g  p r o c e s s .  The 
p r e s e n c e  o f  7 - k e t o d e h y d r o a b i e t i c  a c i d  (compound A5 i n  A p p e n d ix  I ) , 
s e c o d e h y d r o a b i e t i c  a c i d  (compound A7),  8 ,1 5 -p i m a r a d i e n o ic  (compound A8 ) 
a n d / o r  8 , 1 5 - i s o p i m a r a d i e n o i c  a c i d s  (compound  A 9 ) ,  two m o n o c h l o r o -  
d e h y d r o a b i e t i c  a c i d s ,  and d i c h l o r o d e h y d r o a b i e t i c  a c i d  in  t h e  s a m p l e s  i s  
u n c e r t a i n  due to  th e  l a c k  o f  a u t h e n t i c  s t a n d a r d s .  However, t h e  p re sence  
o f  t h e s e  a c i d s  in  th e  KPPME i s  l i k e l y  b e c a u s e  some o f  them  h a v e  b een  
i d e n t i f i e d  i n  t h i s  e f f l u e n t  ( E a s t y  e t  a l . ,  1978),  i n  KPPME e lsew here  
(Brownlee and S t r a c h a n ,  1977; Rogers e t  a l . ,  1979) ,  and i n  o t h e r  r e l a t e d  
s a m p l e s  s u c h  a s  t a l l  o i l  ( Z i n k e l  e t  a l . ,  1 9 6 9 ;  Mayr e t  a l . ,  1982),  
r e s i n - r i c h  l i g n i t e  (Shaw e t  a l . ,  1979) ,  and r e s i n - r i c h  s o i l  (Laf lamm e 
and H i t e s ,  1978) .
A b i e t i c  a c i d  and d e h y d r o a b i e t i c  a c i d  w e r e  f o u n d  t o  be t h e  two 
m a j o r  r e s i n  a c i d s  i n  a l l  t h e  KPPME s a m p l e s  a n a l y z e d  i n  t h i s  s tu d y .  
I s o p i m a r i c  a c i d ,  p i m a r i c  a c i d ,  a n d  s a n d a r a c o p i m a r i c  a c i d  w e re  a l s o  
p r e s e n t  as  minor components.  The c o n c e n t r a t i o n s  o f  th e s e  r e s i n  a c i d s  i n  
th e  samples an a lyzed  in  t h i s  s tudy  a r e  g iven  i n  Tab le  4 .2  i n  compar is ion  
w i th  th o s e  r e p o r t e d  by E a s t y  e t  a l .  (1978 ) .  These r e s u l t s  show t h a t  the  
c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  i n  t h e  s e c o n d a r y  e f f l u e n t s  a n a l y z e d  i n  
t h i s  s t u d y  d e c r e a s e  f ro m  t h e  h i g h  l e v e l s  i n  s a m p le  s e t  1 t o  l e s s e r
v a l u e s  in  s e t s  2 and 3 .  S i n c e ,  t h e s e  d e c r e a s e s  a r e  g r e a t e r  t h a n  t h e  
+15% a n a l y t i c a l  e r r o r ,  d i f f e r e n c e s  i n  r e s i n  a c i d  c o n c e n t r a t i o n s  a r e  
l i k e l y  to  be t h e  c a u s e .
T h e r e  a r e  two f a c t o r s  t h a t  could r e s u l t  i n  d i f f e r e n t  amounts of  
r e s i n  a c i d s  i n  the  secondary  e f f l u e n t .  The f i r s t  i s  p o s s i b l e  v a r i a t i o n s  
i n  t h e  a m o u n ts  o f  r e s i n  a c i d s  produced i n  t h e  m i l l .  The second f a c t o r  
i s  r e l a t e d  t o  v a r i a t i o n  in  a b i l i t y  to  reduce  c o n c e n t r a t i o n s  o f  e x i s t i n g  
r e s i n  a c i d s  by t h e  UNOX s y s t e m .  The e f f e c t s  o f  t h e s e  f a c t o r s  a r e  
d i f f i c u l t  t o  e v a l u a t e .  H ow ever ,  t h e  c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  
a n a l y z e d  b e f o r e  and a f t e r  th e  UNOX system could  be u s e f u l  i n  e s t i m a t i n g  
th e  e f f i c i e n c y  of  t h e  UNOX sys tem.  The r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  
show t h a t  t h e  t o t a l  c o n c e n t r a t i o n  of  r e s i n  a c i d s  in  t h e  p r im ary  e f f l u e n t  
w as  11 m g /L  w h i l e  t h e  s e c o n d a r y  e f f l u e n t  c o n t a i n e d  7 . 9  m g / L . 
C o n c e n t r a t i o n s  o f  r e s i n  a c i d s  sugges t  t h a t  th e  UNOX system e x c lu d in g  th e  
p r im ary  c l a r i f i e r  was a b l e  t o  reduce  app ro x im a te ly  40% o f  d e h y d r o a b i e t i c  
a c i d  and  < 1 0 % o f  o t h e r  r e s i n  a c i d s  a t  t h e  t i m e  t h e s e  s a m p l e s  were 
t a k e n .  I f  t h e  p r im ary  c l a r i f i e r  r em o v e s  o n l y  s m a l l  a m o u n ts  o f  r e s i n  
a c i d s  a s  r e p o r t e d  by E a s t y  e t  a l .  ( 1 9 7 8 ) ,  t h e n  t h i s  p e r c e n t  removal  
would r e p r e s e n t  t h e  a b i l i t y  t o  r educe  c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  by 
t h e  UNOX s ys tem  i t s e l f .  The c o n c e n t r a t i o n s  o f  t h e s e  r e s i n  a c i d s  in  the  
p r im ary  i n f l u e n t  ( t o t a l  o f  13 mg/L) and  s e c o n d a r y  e f f l u e n t  ( t o t a l  o f  
2 . 6  mg/L) f ro m  s a m p le  s e t  3 show t h a t  t h e  UNOX sys tem a t  t h i s  t ime was 
a b l e  t o  r e d u c e  c o n c e n t r a t i o n s  by > 63% f o r  a l l  r e s i n  a c i d s .  T h e s e  
r e s u l t s  s u g g e s t  t h a t  the  e f f i c i e n c y  o f  th e  UNOX sys tem i s  an im por tan t  
f a c t o r  in  c o n t r o l l i n g  r e s i n  a c i d s  i n  secondary  e f f l u e n t s .  Comparison o f  
th e  r e s i n  a c i d  c o n c e n t r a t i o n s  o b t a in e d  i n  t h i s  s tudy  w i th  t h o s e  r e p o r t e d  
by E a s t y  e t  a l .  (1978) appea rs  to  s u p p o r t  t h i s  c o n c l u s i o n .  R e s i n  a c i d
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T a b le  4 .2  Summary o f  C o n c e n t r a t i o n  and P e r c e n t  R educ t ion  o f  R e s i n  Acids i n  
t h e  KPPME G enera ted  by t h e  Chesapeake C o r p o r a t i o n  o f  V i r g i n i a .
Samples
S econdary  e f f l u e n t  
Sample Set 1 
Sample Set 2 
Sample Set 
E a s t y  e t  a l .
P r im a ry  e f f l u e n t  
Sample Set 1 
E a s t y  e t  a l .
P r im a ry  i n f l u e n t  
Sample Set 
E a s t y  e t  a l .
Sample Set 1 
E a s t y  e t  a l .
Sample Set 3 
E a s t y  e t  a l .
C o n c e n t r a t i o n  (mg/L)
Pimar ic Sandaraco Isopima Dehydroa A b i e t i c T o t a l
p i m a r i c r i c b i e t i c
0 .87 0 .19 0 .96 2 . 5 3 . 4 7 . 9
0 .5 0 0 . 1 0 0 .5 8 1 . 4 1 . 8 4 . 4
0 .26 0 .06 0 .5 2 0 .6 2 1 . 1 2 . 6
0 .70 0 .95 1 . 8 2 . 9 6 . 3
0 .8 3 0 . 2 1 1 4 . 4 4 . 1 1 1
1 .5 2 .3 5 .8 7 . 8 17
1 . 0 0 .30 1 . 4 3 . 7 6 . 4 13
1 .3 — 1 .9 5 .7 7 . 0 16
; ion  by the  UNOX Reac to r  and Secondary C l a r i f i e r s
- 4 . 8 9 . 5 3 . 0 44 7 . 8
52 — 58 69 62
deduction by t h e  UN0X System
75 80 63 83 83
46 - 51 69 58
N o t e s :
Sample s e t  1 = 24 hour  compos ite  taken  on November 2 3 - 2 4 ,  1981;
Sample s e t  2 = bu lk  sample  t a k e n  on March 1 6 ,  1982;
Sample s e t  3 = 6  hour composi te  t a k e n  on J a n u a ry  24 ,  1983; 
a  = average  v a l u e  o f  t h e  bu lk  samples  r e p o r t e d  by E a s t y  e t  a l .  (1978) .
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c o n c e n t r a t i o n s  in  t h e  p r im ary  e f f l u e n t  ( t o t a l  o f  16 mg/L)  r e p o r t e d  by 
E a s t y  e t  a l .  ( 1 9 7 8 )  were r e l a t i v e l y  h i g h  compared to  th o s e  o b t a in e d  in  
s a m p l e  s e t  1 ( t o t a l  o f  11 m g / L ) .  C o n c e n t r a t i o n s  i n  t h e  s e c o n d a r y  
e f f l u e n t s ,  however,  were  low ( t o t a l  o f  6 .3  mg/L) compared t o  t h a t  found 
i n  t h e  sam ple  s e t  1 ( t o t a l  o f  7 . 9  m g / L ) .  V a r i a t i o n s  i n  r e s i n  a c i d  
c o n c e n t r a t i o n s  i n  t h e  e f f l u e n t s  a n d  d i f f e r e n c e  in  a n a l y t i c a l  methods 
used  i n  t h e s e  two s t u d i e s  may a l s o  a f f e c t  t h e s e  c o n c e n t r a t i o n s .
A n o t h e r  p o s s i b l e  f a c t o r  f o r  t h e  d e c r e a s e s  i n  r e s i n  a c i d  
c o n c e n t r a t i o n  o bse rved  in  t h e  secondary  e f f l u e n t s  f r o m  s a m p le  s e t  1  t o  
s e t  2 , and t o  s e t  3 may have been due to  a t t e m p t s  made by th e  Chesapeake 
C orpo ra t ion  o f  V i r g i n i a  to  re d u c e  c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  produced 
and  d i s c h a r g e d  i n  t h e  m i l l  ( G i l b r e a t h ,  p e r s o n a l  communica tion,  1983).  
These a t t e m p t s  in c lu d e d  o p e r a t i o n  o f  an a d d i t i o n a l  washing u n i t  i n  l a t e  
19 8 1 ,  p r e c a u t i o n s  t a k e n  to  c o n t r o l  s p i l l s ,  and t o  c o n t r o l  o t h e r  f a c t o r s  
t h a t  could a f f e c t  t h e  per formance  o f  t h e  UNOX sys tem.
4 . 2 . 2  Hydrocarbons i n  th e  KPPME
The r e s o l v e d  a l i p h a t i c  and  a r o m a t i c  h y d r o c a r b o n s  w e re  m i n o r  
c o n s t i t u e n t s  o f  t h e  KPPME r e l a t i v e  t o  t h e  r e s i n  a c i d s .  T o t a l  
c o n c e n t r a t i o n s  o f  11 mg/L r e s i n  a c i d s  ( T a b l e  3 . 2 ) ,  1 . 2  mg/L r e s o l v e d  
a l i p h a t i c s  ( T a b l e  3 . 3 ) ,  and  0 . 1 1  mg/L r e s o l v e d  a r o m a t i c s  (Tab le  3 . 5 )  
were found i n  t h e  p r im ary  e f f l u e n t  f r o m  s a m p le  s e t  1 .  The s e c o n d a r y  
e f f l u e n t ,  h o w e v e r ,  c o n t a i n e d  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  
hydrocarbons  ( t o t a l  o f  3 . 5  mg/L a l i p h a t i c s  a n d  0 . 2 0  mg/L a r o m a t i c s )  
compared to  t h o s e  found  in  t h e  p r im ary  e f f l u e n t .
V i s u a l  i n s p e c t i o n  o f  t h e  g a s  c h r o m a to g r a m  o f  t h e  a l i p h a t i c  
h y d r o c a r b o n  f r a c t i o n  o f  t h e  p r i m a r y  e f f l u e n t  show no  o d d - t o - e v e n
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predominance o f  n - a l k a n e s .  I t  a l s o  shows a low t o t a l  c o n c e n t r a t i o n ,  the  
p r e s e n c e  o f  a b r o a d  UCM, and a p r i s t a n e / p h y t a n e  r a t i o  o f  app ro x im a te ly
1 . 0 .  T h e s e  a r e  t y p i c a l  c h a r a c t e r i s t i c s  f o r  p e t r o l e u m  h y d r o c a r b o n s  
( F a r r i n g t o n  and Quinn,  1973;  F a r r i n g t o n  and Meyers,  1975; F a r r i n g t o n  and 
T r i p p ,  1977; F a r r i n g t o n  e t  a l . ,  1977; B lum er  e t  a l . ,  1 9 7 3 ) .  H owever ,  
n - a l k a n e s  r a n g i n g  f r o m  n-C16 to  n-C28 w i th  no o d d - to -e v e n  predominance 
and low t o t a l  c o n c e n t r a t i o n s  a r e  a l s o  r e p o r t e d  t o  be  t y p i c a l  f o r  t h e  
i n t e r i o r  o f  h i g h e r  p l a n t s  (Weete,  1972) .  The a n a l y s i s  o f  wood c h ip s  of  
unknown s p e c i e s  and h i s t o r y  p r e s e n t  in  th e  i n t e r t i d a l  co re  c o l l e c t e d  i n  
t h i s  s tu d y  shows a d i s t r i b u t i o n  o f  n. -a lkanes  r a n g in g  from n.-Cl6  t o  n-C33 
w i th  a s m a l l  o d d - t o - e v e n  p r e d o m i n a n c e  ^ CPI2 0 - 3 2  = an<* a t o t a l
c o n c e n t r a t i o n s  o f  18 j ig fg  d ry  w e igh t  (U nku lvasapau l ,  1982, u n p u b l i sh e d  
d a t a ) .  These r e s u l t s  s u g g e s t  t h a t  p e t r o l e u m  p r o d u c t s  and  wood c h i p s  
u s e d  a s  a r a w  m a t e r i a l  i n  t h e  m i l l  c o u l d  be  t h e  s o u r c e s  f o r  t h e  
a l i p h a t i c  h y d r o c a r b o n s  o b s e r v e d  i n  t h e  p r i m a r y  e f f l u e n t .  H owever ,  
n - a l k a n e s  a r e  u b i q u i t o u s  components o f  n a t u r a l  sed im en ts .
The gas chromatogram o f  t h e  a l i p h a t i c  hydrocarbon  f r a c t i o n  o f  t h e  
s e c o n d a r y  e f f l u e n t  f r o m  s a m p l e  s e t  1  shows th e  p r e s e n c e  o f  a h ig h  and 
nar row UCM r a n g in g  from n-Cl5  to  n-C21 w i th  a maximum a t  n.-Cl7 o r  n - C l 8  
The c o n c e n t r a t i o n s  o f  n-C16, n -C l7 ,  p r i s t a n e ,  11-C I 8 , p h y ta n e ,  and n-Cl9 
i n  th e  secondary  e f f l u e n t  were found to  be r e l a t i v e l y  h igh  (> 0 . 2  mg/L)  
co m pared  t o  t h o s e  found  i n  t h e  p r im ary  e f f l u e n t  (<  0 .04  mg/L) .  Such a 
d i s t r i b u t i o n  was n o t  o bse rved  i n  th e  p r im ary  e f f l u e n t  from sam p le  s e t  1 
o r  i n  t h e  s e c o n d a r y  e f f l u e n t  from sample s e t  2 , b u t  i t  was s i m i l a r ,  a t  
lower c o n c e n t r a t i o n s ,  in  t h e  secondary  e f f l u e n t  o f  s a m p le  s e t  3 .  T h i s  
v a r i a b i l i t y  may be  due  t o  i n t e r m i t t a n t  a d d i t i o n s  of  defoamers  o r  t h e  
l i k e  t o  t h e  UNOX system.
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The p re s e n c e  o f  phy tane ,  t h e  UCM, and a p r i s t a n e / p h y t a n e  r a t i o  of  
a p p ro x im a te ly  1*0 i n  t h e  a l i p h a t i c  hydrocarbon f r a c t i o n  o f  th e  secondary  
e f f l u e n t  f rom sample s e t  1 su g g es t  c o n t r i b u t i o n s  from p e t ro l e u m .  Algae 
and b a c t e r i a  in  t h e  UNOX r e a c t o r  may c o n t r i b u t e  s i g n i f i c a n t  a m o u n ts  o f  
n.-Cl5, n - C l 6 , n -C l7 ,  n.-Cl8, n - C l9 ,  and p r i s t a n e ,  as  t h e s e  compounds have 
been r e p o r t e d  to  be predominant  in  some a l g a e  (Han e t  a l . ,  1968 ;  B lum er  
e t  a l . ,  1971;  Hunt,  1979) and i n  a e r o b i c  and a n a e ro b ic  b a c t e r i a  (Han e t  
a l . ,  1968) .  A l a r g e  p o p u l a t i o n  o f  f i l a m e n to u s  o rgan ism s ,  i n c l u d i n g  some 
b a c t e r i a ,  f u n g i ,  a n d  b l u e  g r e e n  a l g a e  h a s  b e e n  r e p o r t e d  t o  be 
r e s p o n s i b l e  f o r  s l u d g e  b u l k i n g  i n  s e v e r a l  a c t i v a t e d  s l u d g e  s y s t e m s  
( S e z g i n  e t  a l . ,  1 9 7 8 ;  S ykes  e t  a l . ,  1979; P i p e s ,  1979) .  However, th e  
h i g h  c o n c e n t r a t i o n s  o f  phytane and th e  p r e s e n c e  o f  l a r g e  UCMs b o t h  i n  
a l i p h a t i c  and  a r o m a t i c  hydrocarbon  f r a c t i o n s  s u g g e s t  a predominance of  
pe t ro leum  p ro d u c t s  because  a l g a e  and b a c t e r i a  a r e  u n l i k e l y  to  s y n th e s i z e  
l a r g e  a m o u n t s  o f  p h y t a n e  a n d  b r a n c h e d  a n d  c y c l i c  h y d r o c a r b o n s .  
Pe t ro leum  p ro d u c t s  w i th  a nar row carbon range  (ja-C14 to  n.-C25) m i g h t  be 
r e s p o n s i b l e  f o r  t h e  o b s e r v e d  d i s t r i b u t i o n .  I t  was l e a r n e d  t h a t  a 
defoamer ,  which i s  an o i l - b a s e d  p r o d u c t ,  was added i n t o  t h e  UNOX s y s t e m  
w h e n e v e r  i t  was n e c e s s a r y  ( G i l b r e a t h ,  p e r s o n a l  com munica t ion) .  The 
a d d i t i o n  o f  t h e s e  chem ica ls  may be r e s p o n s i b l e  f o r  th e  d i s t r i b u t i o n  and 
c o n c e n t r a t i o n s  o f  hydroca rbons  obse rved  i n  th e  secondary  e f f l u e n t .
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4 .3  D i s t r i b u t i o n s  o f  R es in  Acids  in  E s t u a r i n e  Water  and Sediment
C h a r a c t e r i s t i c s  o f  b o t h  the r e c e i v i n g  w a te r  and the  chem ica ls  a r e  
major  f a c t o r s  c o n t r o l l i n g  f a t e  and d i s t r i b u t i o n  of  c h e m i c a l  s u b s t a n c e s
_4
a f t e r  be ing  d i s c h a r g e d .  R e s in  a c i d s  a r e  weak a c i d s  (Ka < 1 0  ) in  which
Ka f o r  a b i e t i c  a c i d  and  d e h y d r o a b i e t i c  a c i d  w e r e  r e p o r t e d  t o  b e
4 . 1  x 10 ^ and  2 x 10 \  r e s p e c t i v e l y  (Nyren and Black ,  1 9 5 8 ) .  These 
a c i d s  a r e  h y d r o p h o b i c  ( s o l u b i l i t y  13 4 . 3  mg/L f o r  a b i e t i c  a c i d  a n d  
6 .6 mg/L f o r  d e h y d r o a b i e t i c  a c i d ,  Nyren and B la ck ,  1958) and u n io n iz e d  
a t  low pH (pH < 4 ) .  S e v e ra l  r e s e a r c h e r s  have r e p o r t e d  t h a t  h y d r o p h o b i c  
compounds t e n d  t o  s o r b  on to  suspended s o l i d s  ( K a r ic k h o f f  e t  a l . ,  1979; 
Means e t  a l .  1 9 8 0 ) .  The r e s u l t s  o b t a i n e d  f ro m  t h i s  s t u d y  show t h a t  
app rox im a te ly  50% of  r e s i n  a c i d s  a r e  a s s o c i a t e d  w i th  suspended s o l i d s  o f  
s i z e  > 10 pm a t  pH 8 .  T h e r e f o re  t r a n s p o r t  of  suspended s o l i d s  iB l i k e l y  
t o  be  an i m p o r t a n t  f a c t o r  c o n t r o l l i n g  the  d i s t r i b u t i o n  o f  r e s i n  a c i d s  
a f t e r  be ing  d i s c h a r g e d  i n t o  an e s t u a r i n e  env i ronm ent .  I t  i s  known t h a t  
r e s i n  a c i d s  excep t  f o r  th o s e  c o n t a i n i n g  con juga ted  d ie nes  a r e  r e s i s t a n t  
to  chemical  and b i o l o g i c a l  a t t a c k s  u n d e r  ambient  c o n d i t i o n s .  T h e r e f o re ,  
t h e i r  d i s t r i b u t i o n s  and c o n c e n t r a t i o n s  in  w a te r  and sediment  should be 
u s e f u l  i n  e s t i m a t i n g  t h e  i n f l u e n c e  o f  a KPPME on  i t s  r e c e i v i n g  
env i ro n m en t .
The c o n c e n t r a t i o n s  o f  d e h y d r o a b i e t i c  a c i d  i n  t h e  w a t e r  column 
( 0 . 4 1  u g / L  t o  3 . 6  y g / L )  a r e  much lo w e r  t h a n  t h e  c o n c e n t r a t i o n  o f  
d e h y d r o a b i e t i c  a c i d  p r e s e n t  i n  t h e  KPPME f i l t r a t e  (pH 8)  f r o m  sam ple  
s e t  1 ( a p p r o x i m a t e l y  1 mg/L) . An i n s u f f i c i e n t  number o f  w a te r  samples 
were ana lyzed  t o  p r o v id e  a d e t a i l e d  c o n c e n t r a t i o n - s t a t i o n  p r o f i l e  o f  
d e h y d r o a b i e t i c  a c i d  i n  s u r f a c e  and s u b s u r f a c e  w a t e r  ( F i g u r e  3 . 1 4 ) .
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These p r o f i l e  o b t a i n e d  r e p r e s e n t  an i n s t a n t a n e o u s  d i s t r i b u t i o n  a t  t h e
t i m e  o f  s a m p l i n g .  The d i f f e r e n c e s  i n  c o n c e n t r a t i o n s  may be due to
sampl ing  l o c a t i o n s  which may o r  may n o t  be  w i t h i n  t h e  e f f l u e n t  p l u m e .
The r e l a t i v e l y  h i g h  c o n c e n t r a t i o n  a t  s t a t i o n  F6 i n  s u b s u r f a c e  w a te r
compared t o  downstream s t a t i o n s  may i n d i c a t e  t h a t  th e  s t a t i o n  i s  i n s i d e
t h e  e f f l u e n t  p lume a t  t h e  t i m e  o f  s a m p l i n g  ( s l a c k  b e f o r e  e b b ) .  The
r e l a t i v e l y  high  c o n c e n t r a t i o n  a t  s t a t i o n  PI i n  s u r f a c e  w a te r  compared to
a d j a c e n t  s t a t i o n s  may b e  t h e  r e s u l t  o f  a r e m n a n t  p lum e  f ro m  t h e
p re c e d in g  ebb c y c l e  (Kuo, p e r s o n a l  communica tion).
The low c o n c e n t r a t i o n s  o f  d e h y d r o a b i e t i c  a c i d  observed  i n  t h e
w a te r  column r e p r e s e n t  w e l l -m ixed  c o n c e n t r a t i o n .  They a r e  l i k e l y  t o  be
t h e  r e s u l t  of  d i l u t i o n  by a l a r g e  t i d a l  p r i s m  (Qt » app rox im ate ly  21 ,550  
3 3x  10 m a t  West P o i n t ,  C ro n in  1 9 7 1 ) .  The e f f e c t i v e  d i l u t i o n  by t h e  
t i d a l  p r i s m  i s  d i f f i c u l t  t o  c a l c u l a t e  due  t o  t h e  com plex i ty  of  t i d a l  
m i x i n g  a n d  t h e  t o p o g r a p h y  o f  t h e  s t u d y  a r e a .  H o w e v e r ,  a maximum 
p o s s i b l e  d i l u t i o n  can  be e s t i m a t e d  assuming t h a t  a l l  the  w a te r  p a s s i n g  
th rough  t h e  o u t f a l l  d u r i n g  ebb t i d e  n e v e r  r e t u r n s  i n  t h e  s u b s e q u e n t  
f l o o d  t i d e s .  By c o n s i d e r i n g  a t r a n s e c t  a c r o s s  t h e  r i v e r  n e a r  t h e  
o u t f a l l  r e c e i v i n g  a c o n t in u o u s  f l o w  o f  KPPME d i s c h a r g e  (Qw? j c o o l i n g  
w a t e r  d i s c h a r g e  (Q ) ,  and f r e s h w a t e r  d i s c h a r g e  (Q-) as  shown in  F i g u r eC I
4 . 1 ,  an  a v e r a g e  c r o s s - s e c t i o n a l  c o n c e n t r a t i o n  o f  a c o n s e r v a t i v e  
p o l l u t a n t  a t  t h e  o u t f a l l  (Cq) can be c a l c u l a t e d  by u s in g  an inpu t  r a t e  
o f  th e  p o l l u t a n t  i n  mass p e r  u n i t  t ime (Cwx and a v o lu m e t r i c  r a t e  o f  
t o t a l  f low  (Qw+ Qc+ Q^+ Q ) fo l l o w in g  th e  fo rm u la :
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T r a n s e c t
Ebb
^  Flood
ups t ream
downstream
F ig u re  4 .1  Flows a c r o s s  a  t r a n s e c t  n ea r  th e  o u t f a l l .  Where:
Qc = c o o l i n g  w a te r  d i s c h a r g e  r a t e ;
Qu = KPPME d i s c h a r g e  r a t e ;
= f r e s h  w a t e r  f low;
Qc = t i d a l  p r i s m .
C Q + Q + Q_+ Q
The d i l u t i o n  f a c t o r ,  ( - 7; -— ) = ~------ r ------------
C0 %
3 3The ave rage  d i s c h a r g e s  were r e p o r t e d  to  be app rox im a te ly  53 x  10 m /d a y
3 3KPPME ( Q ^  and 57 x 10 m /d a y  c o o l i n g  w a te r  (Qc) ( G i l b r e a t h ,  p e r s o n a l
c o m m u n ic a t io n )  . F r e s h w a t e r  d i s c h a r g e  (Qj)  on th e  day o f  sampl ing was
3 3r e p o r t e d  to  be  500 x  10 m /d a y  (USGS, 1981) .  Based on one t i d a l  c y c l e ,
t h e  vo lum e o f  26.5 x 10^ KPPME i s  d i l u t e d  w i th  28 .5  x  10^ m^ c o o l in g
3 3 3 3w a t e r ,  250 x 10 m o f  f r e s h w a t e r ,  and 2 1 , 5 5 0  x 10 m o f  t i d a l  w a t e r
w h ic h  comes i n  d u r i n g  f l o o d  t i d e .  Th is  r e s u l t s  in  a maximum d i l u t i o n
f a c t o r  o f  8 2 5 .  B ased  on  t h i s  n u m b e r ,  t h e  maximum c o n c e n t r a t i o n  o f
d e h y d r o a b i e t i c  a c i d  i n  t h e  w a t e r  co lum n a f t e r  d i l u t i o n  w ou ld  be
1 . 4  u g / L .  T h i s  c o n c e n t r a t i o n  i s  w i t h i n  t h e  r a n g e  o f  t h e  o b s e r v e d
c o n c e n t r a t i o n s  o f  d e h y d r o a b i e t i c  a c i d  i n  t h e  d i s c h a r g e  a r e a .  However,
g e n e r a l l y  on ly  1 / 1 0  t o  1 / 2  o f  t h e  t i d a l  p r i s m  a r e  "new w a t e r " ,  t h u s
r e s u l t i n g  i n  s m a l l e r  e f f e c t i v e  d i l u t i o n  f a c t o r  ( K u o ,  p e r s o n a l
com munica tion) . This  r e s u l t s  i n  an ex p ec ted  c o n c e n t r a t i o n  range  o f  3 -14
u g / L  d e h y d r o a b i e t i c  a c i d  i n  th e  w a t e r  column. I f  t h i s  i s  t h e  c a s e ,  th e
o b s e r v e d  c o n c e n t r a t i o n s  may r e f l e c t  t h e  p r e s e n c e  o f  o t h e r  r e m o v a l
p r o c e s s e s  s u c h  a s  d e g r a d a t i o n  i n  t h e  w a t e r  co lum n ,  s o r p t i o n  o n t o
s u s p e n d e d  s o l i d s ,  and  s e d i m e n t a t i o n .  S i n c e  t h e r e  i s  no p u b l i s h e d
i n f o r m a t i o n  on  s o r p t i o n  o f  r e s i n  a c i d s  on  s u s p e n d e d  s o l i d s  and
s e d im e n ta t i o n  i n  t h e  a r e a ,  t h e  e x t e n t  o f  t h e s e  p r o c e s s e s  c a n  n o t  be
e v a l u a t e d .
D e g r a d a t i o n  i n  t h e  r i v e r  o f  a b i e t i c  a c i d ,  a m a j o r  r e s i n  a c i d  
com ponent  i n  t h e  KPPME, i s  l i k e l y  t o  be r e s p o n s i b l e  f o r  i t s  absence  i n  
w a te r  samples except  a t  s t a t i o n  P6 . A i r  o x i d a t i o n  o f  a b i e t i c  a c i d  which
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r e s u l t s  i n  a  c o m p lex  m i x t u r e  o f  o x i d a t i o n  p r o d u c t s  has been r e p o r t e d  
(Enos e t  a l . ,  1 9 6 3 ) .  The a b s e n c e  o f  p i m a r i c  a c i d ,  i s o p i m a r i c  a c i d ,  
s a n d a r a c o p i m a r i c  a c i d  and  c h l o r i n a t e d  r e s i n  a c i d s  i n  w a t e r  samples  
( e x c e p t  a t  s t a t i o n  P6) i s  l i k e l y  t o  be  due t o  d i l u t i o n .  These a c i d s  a r e  
p r e s e n t  i n  t h e  KPPME a t  r e l a t i v e l y  low c o n c e n t r a t i o n s  com pared  t o  
a b i e t i c  a c i d  and d e h y d r o a b i e t i c  a c i d .  Among t h e s e  a c i d s ,  t h e  h i g h e s t  
c o n c e n t r a t i o n  i n  t h e  KPPME a n a l y z e d  i n  t h i s  s t u d y  was  1 . 0  mg/L 
i s o p i m a r i c  a c i d .  S i n c e  t h e  c o n c e n t r a t i o n  r a t i o  o f  d e h y d r o a b i e t i c  
a c i d / i s o p i m a r i c  a c i d  i n  KPPME s a m p l e s  i s  a p p r o x i m a t e l y  2 . 6 ,  t h u s  
c o n c e n t r a t i o n s  o f  i s o p i m a r i c  a c i d  in  t h e  w a te r  samples shou ld  range  from 
0 .15  ug/L t o  1 . 4  j ig/L.  The c o n c e n t r a t i o n s  o f  i s o p i m a r i c  a c i d  were found 
t o  be 1 jig/L a t  s t a t i o n  P6 and below th e  d e t e c t i o n  l i m i t  ( 0 . 3  jag/L) a t  
o t h e r  s t a t i o n s .
Most o f  t h e  r e s i n  a c i d s  and t h e i r  c h l o r i n a t e d  p ro d u c t s  i d e n t i f i e d  
i n  t h e  KPPME h a v e  b e e n  f o u n d  i n  s e d i m e n t s  n e a r  t h e  d i s c h a rg e d  a r e a .  
D e h y d r o a b ie t i c  a c i d  was found to  be t h e  majo r  r e s i n  a c i d  i n  b o t h  w a t e r  
and s e d im e n t s .  Th is  i n d i c a t e s  t h a t  t h i s  a c i d  i s  p e r s i s t e n t  i n  e s t u a r i n e  
env i ronm en ts .
The c o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  t h e  major  r e s i n  a c i d s  in  
g rab  sed iment s a m p l e s  ( F i g u r e  3 . 1 6  ( a ) ,  ( b ) ,  ( c ) ,  ( d ) )  show maximum 
c o n c e n t r a t i o n s  a t  s t a t i o n  P3.  This  s u g g e s t s  t h a t  s t a t i o n  P3 may be i n  
th e  d i s c h a r g e  a r e a .  The c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  i n  t h e  r i v e r  
s e d i m e n t s  c o v e r i n g  t h e  d i s t a n c e  o f  up t o  a p p r o x i m a t e l y  8 k i l o m e t e r s  
away f r o m  t h e  d i s c h a r g e  a r e  a b o u t  1 / 3  o f  t h o s e  a t  s t a t i o n  P 3 . The 
c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  ( e x c e p t  a b i e t i c  a c i d )  a t  s t a t i o n .  MR 
i n d i c a t e  t h a t  t h e  marsh a r e a  has  been r e c e i v i n g  a b o u t  e q u a l  am o u n ts  o f  
r e s i n  a c i d s  a s  t h e  r i v e r  s e d im e n t s .  I t  i s  im p o r tan t  to  p o i n t  out  t h a t
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t h e s e  c o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  r e s i n  a c i d s  w e re  t h e  r e s u l t  o f  
a n a l y z i n g  t h e  d r y  sed im en ts  o f  g r a i n  s i z e  between 0.125 mm and 1 .0  mm. 
T h e r e f o re ,  th e s e  c o n c e n t r a t i o n s  do n o t  r e p r e s e n t  t h e  c o n c e n t r a t i o n s  o f  
r e s i n  a c i d s  i n  t h e  whole sed im en ts .
The c o n c e n t r a t i o n  o f  t h e s e  a c i d s  in  t h e  top  s e d i m e n t  l a y e r s  f rom  
c o r e s  t a k e n  a t  s t a t i o n  P 3 , e s p e c i a l l y  c o r e  P 3#2 ,  w e re  f o u n d  t o  be 
r e l a t i v e l y  h igh  com pared  t o  t h o s e  f rom  o t h e r  c o r e s  ( F i g u r e s  3 . 2 1  t o  
3 . 2 4 ) .  H igh  c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  i n  sediment above a dep th  of  
24 cm i n  c o r e  P3#2 com pared  t o  t h o s e  i n  s e d i m e n t s  be low  t h i s  d e p t h  
s u g g e s t  t h a t  s t a t i o n  P3 h a s  b e e n  r e c e i v i n g  r e l a t i v e l y  h i g h  
c o n c e n t r a t i o n s  of  t h e s e  a c i d s  i n  r e c e n t  y e a r s .  The low c o n c e n t r a t i o n s  
o f  t h e s e  a c i d s  i n  t h e  t o p  16 cm o f  s e d i m e n t  i n  c o r e  P2 was f i r s t  
s u r p r i s i n g  b e c a u s e  t h i s  s t a t i o n  was l o c a t e d  n e a r  t h e  KPPME o u t f a l l  
i n d i c a t e d  f ro m  p r e v i o u s  w ork  ( H a r r i s o n  and Fang,  1971) .  I t  was l a t e r  
l e a r n e d  t h a t  s e v e r a l  m o d i f i c a t i o n s  were made i n  th e  m i l l  a f t e r  November 
1972 t o  u p g r a d e  t h e  m anufac tu r ing  p r o c e s s  and t h e  o u t f a l l  was moved to  
n e a r  s t a t i o n  P 3 .
I n  o r d e r  t o  i n v e s t i g a t e  what might  be r e s p o n s i b l e  f o r  t h e  dep th  
p r o f i l e s  observed  i n  th e s e  c o r e s ,  t h e  h i s t o r i c a l  r e c o r d  o f  t h e  m a j o r  
e v e n t s  o c c u r r i n g  i n  t h e  m i l l  was e x a m i n e d .  From 1919 to  1 9 7 2 ,  the  
Chesapeake C o rp o ra t i o n  of  V i r g i n i a  produced o n ly  unb leached  p r o d u c t s  and 
t h e  w a s t e w a t e r  was d i s c h a r g e d  d i r e c t l y  i n t o  th e  Pamunkey R ive r  from two 
open d r a in a g e  d i t c h e s  nea r  s t a t i o n  P 2 . I n  November 1 9 7 2 ,  i t  s t a r t e d  
p r o d u c i n g  b le ached  pu lp  and in c r e a s e d  th e  o v e r a l l  p ro d u c t i o n  as w e l l  as  
t h e  p r o d u c t i o n  of l i n e r b o a r d .  This  r e s u l t e d  i n  d r a m a t i c  i n c r e a s e s  i n  
t h e  am o u n ts  o f  BOD and suspended s o l i d s  produced  and d i s c h a rg e d  by the 
m i l l  ( S o u t h ,  1 9 8 1 ) .  I n  May 1 9 7 4 ,  t h e  o p e r a t i o n  o f  t h e  UNOX s y s t e m
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b e g a n ,  h o w e v e r ,  t h e  b l e a c h e d  e f f l u e n t  was n o t  t r e a t e d  u n t i l  December 
1974 ( G i l b r e a t h ,  1976) .  S ince  May 1974,  t h e  t r e a t e d  e f f l u e n t  h a s  b e e n  
d i s c h a r g e d  i n t o  t h e  Pamunkey R i v e r  t h r o u g h  a p ip e  a t  t h e  new o u t f a l l  
l o c a t e d  app rox im ate ly  300 m e te r s  f u r t h e r  ups t ream  from t h e  o ld  one .  The 
d i s c h a r g e  p i p e  i s  e q u i p p e d  w i t h  d i f f u s e r  and  l o c a t e d  on t h e  r i v e r  
bo ttom.  I t  e x ten d s  about  150 m e t e r s  i n t o  t h e  r i v e r .  The w a s t e w a t e r  
from t h e  c o o l in g  tow er ,  c a l l e d  c l o s u r e ,  i s  s t i l l  d i s c h a r g e d  from th e  o ld  
o u t f a l l s .
The l o c a t i o n  o f  th e  d i s c h a r g e  p ip e  a t  th e  r i v e r  bottom may r e s u l t
in h ig h  c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  and  s u s p e n d e d  s o l i d s  n e a r  t h e
d i s c h a r g e  a r e a .  These  f a c t o r s  coupled  w i th  a r e l a t i v e l y  h ig h  s a l i n i t y  
i n  s u b s u r f a c e  w a t e r  com pared  t o  s u r f a c e  may t e n d  t o  i n c r e a s e  t h e  
se d im e n ta t io n  r a t e  in  th e  d i s c h a r g e  a r e a .
The c o n c e n t r a t i o n - d e p t h  p r o f i l e s  o f  r e s i n  a c i d s  ( e x c e p t  f o r  
a b i e t i c  a c i d )  appea r  to  fo l l o w  t h e  i n c r e a s e  i n  pu lp  p r o d u c t i o n  produced  
by t h e  m i l l  ( F i g u r e  4 . 2  ( a ) )  and  i n  a m o u n t s  o f  s u s p e n d e d  s o l i d s  
d i s c h a r g e d  ( F i g u r e  4 . 2  ( b ) ) .  Low c o n c e n t r a t i o n s  above a dep th  o f  18 cm 
in  c o r e  P2 and low c o n c e n t r a t i o n s  below a d e p t h  o f  24 cm i n  c o r e  P3#2 
a p p e a r  t o  r e f l e c t  t h e  r e l o c a t i o n  o f  t h e  new KPPME o u t f a l l .  The 
d i f f e r e n c e s  i n  l o c a t i o n  and mean  o f  t h e  d i s c h a r g e  a t  t h e  o l d  and  new
o u t f a l l s  a r e  l i k e l y  t o  b e  r e s p o n s i b l e  f o r  t h e  d i f f e r e n c e s  i n
c o n c e n t r a t i o n s  from th e s e  two s t a t i o n s .
A l t h o u g h  t h e  a c t u a l  s e d i m e n t a t i o n  r a t e  i n  t h i s  a r e a  i s  n o t  
a v a i l a b l e ,  one  can  a t t e m p t  t o  e s t i m a t e  i t  by c o m p a r i n g  t h e  d e p t h  
p r o f i l e s  o f  r e s i n  a c i d s  t o  t h e  m a jo r  e v e n t s  o c c u r r i n g  i n  t h e  m i l l .
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Since  d e h y d r o a b i e t i c  ac id  was found t o  be p redominan t  and appeared  to  be 
l e s s  a f f e c t e d  by t h e  a n a l y t i c a l  m e th o d  u s e d  i n  t h i s  s t u d y ,  t h e  d e p t h  
p r o f i l e  o f  t h i s  a c i d  w i th  an a n a l y t i c a l  e r r o r  o f  +17% ( F i g u r e  3 , 2 3 )  was 
used in  t h e  e s t i m a t e .  The fo l l o w in g  assum pt ions  were made:
1)  The s e d i m e n t s  w e re  n o t  d i s t u r b e d  by e i t h e r  b i o l o g i c a l  o r  
p h y s i c a l  p r o c e s s e s .
2 )  S i m i l a r  a m o u n t s  o f  s u s p e n d e d  s o l i d s  w e re  p r o d u c e d  and 
d i s c h a r g e d  in  1973-1974 as i n  1975.
3 )  The i n c r e a s e  i n  amounts  o f  suspended s o l i d s  g e n e ra te d  by the 
p l a n t  i n  1973 i s  r e s p o n s i b l e  f o r  t h e  r a p i d  i n c r e a s e  i n  c o n c e n t r a t i o n  a t  
t h e  s u r f a c e  l a y e r  o f  core  F4, and t h e  r e l o c a t i o n  o f  t h e  KPPME o u t f a l l  in  
1974 i s  r e s p o n s i b l e  f o r  t h e  r a p i d  i n c r e a s e  i n  c o n c e n t r a t i o n s  a t  t h e  
s u r f a c e  o f  c o r e  P3 and t h e  d e c re a se  in  c o n c e n t r a t i o n  a t  t h e  s u r f a c e  of  
co re  P2.
4 )  The s u r f a c e  s e d i m e n t  (0 cm) r e p r e s e n t s  t h e  y e a r  i n  which the  
samples were  t a k e n  i . e . ,  1981.
W i th  t h e s e  a s s u m p t i o n s ,  by matching  t h e  8 cm dep th  o f  core  P4 to  
t h e  y e a r  1973, t h e  average  s e d im e n ta t i o n  r a t e  a f t e r  1973 was  e s t i m a t e d  
t o  be a p p r o x i m a t e l y  1 cm /yea r .  By ma tch ing  t h e  18 cm d e p th  o f  co re  F2 
t o  1973, t h e  18 cm dep th  o f  c o re  P 3 # l ,  and t h e  24 cm dep th  o f  c o r e  P3#2 
t o  1 9 7 4 ,  a v e r a g e  s e d i m e n t a t i o n  r a t e s  o f  2 . 5  cm/year ,  2 .8  cm /year ,  and
3 . 4  cm /year were o b ta in e d  i n  cores  P2,  P 3 # l , and P3#2,  r e s p e c t i v e l y .
The c o n c e n t r a t i o n - d e p t h  p r o f i l e s  o f  r e s i n  a c i d s  o b t a in e d  from 
a n a ly z in g  th e  i n t e r t i d a l  c o r e  t a k e n  f ro m  s t a t i o n  IC i n  November 1982 
( F i g u r e  4 . 3 )  a l s o  show i n c r e a s e s  i n  c o n c e n t r a t i o n s  w i t h  d e c r e a s i n g  
d e p th .  Th i s  i s  s i m i l a r  to  t h o s e  f o u n d  i n  r i v e r  c o r e s .  A l t h o u g h  t h e  
p r e s e n c e  o f  r e s i n  a c i d s ,  e s p e c i a l l y  d e h y d r o a b i e t i c  a c i d ,  i n  n a t u r a l
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sed im en ts  i s  q u i t e  common due to  t h e  a b u n d a n c e  o f  c o n i f e r o u s  t r e e s  i n  
t h e  a r e a ,  a  r a p i d  i n c r e a s e  i n  c o n c e n t r a t i o n  w i t h  d e c r e a s i n g  d e p t h  
s u g g e s t s  an th ro p o g e n ic  r a t h e r  than  n a t u r a l  s o u r c e s .  S in c e ,  t h e  sampling 
l o c a t i o n  i s  a p p r o x i m a t e l y  1 km from th e  KPPME o u t f a l l  and l i k e l y  t o  be 
a f f e c t e d  by i t ,  t h e  KPPME may be a ma jor  sou rce  f o r  r e s i n  a c i d s  i n  t h e  
i n t e r t i d a l  a r e a .
4 . 4  D i s t r i b u t i o n  o f  Hydrocarbons  i n  Sediments
The c o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  th e  m a jo r  hydrocarbons  found 
i n  a l i p h a t i c  and a ro m a t ic  hydrocarbon  f r a c t i o n s  o f  t h e  sed im en t  s a m p l e s  
( F i g u r e s  3 . 1 8  and 3 . 2 0 )  show r e l a t i v e l y  h igh  c o n c e n t r a t i o n s  a t  s t a t i o n  
F3 compared t o  a d j a c e n t  s t a t i o n s .  These p r o f i l e s  su g g es t  t h a t  the  KPPME 
i s  a  s o u r c e  f o r  t h e  com pounds .  A l t h o u g h  low t o t a l  c o n c e n t r a t i o n s  o f  
r e s o l v e d  a l i p h a t i c s  ( 1 . 2  mg/L) and a r o m a t i c s  ( 0 . 1 1  mg/L) a r e  found  i n
g
t h e  KPPME, a h i g h  e f f l u e n t  lo a d in g  (53 x  10 L/day)  r e s u l t s  i n  a ma jor  
c o n t r i b u t i o n .  H owever ,  d i f f e r e n c e s  i n  c o n c e n t r a t i o n - s t a t i o n  a n d  
c o n c e n t r a t i o n - d e p t h  p r o f i l e s  i n  c o re  P3#2 of  h ig h  MW n - a l k a n e s  and o f  
some a r o m a t i c  h y d r o c a r b o n s  f r o m  t h o s e  o f  r e s i n  a c i d s  s u g g e s t  t h e  
p o s s i b i l i t y  o f  o t h e r  s o u rc e s  o f  h y d ro c a rb o n s .
T h r e e  s o u r c e s  o f  h y d r o c a r b o n s  t o  e s t u a r i n e  s e d i m e n t s  a r e  
p e t r o l e u m ,  c o m b u s t i o n  p r o d u c t s ,  and  r e c e n t  b i o s y n t h e s i s .  S ince  t h e  
s tudy  a r e a  i s  a smal l  t i d a l  eBtuary  and i s  under  t h e  i n f l u e n c e  o f  m a n ' s  
a c t i v i t i e s  and  n a t u r a l  p r o c e s s e s ,  t h e s e  p ro b a b le  s ou rces  a r e  l i k e l y  t o  
p l a y  an im p o r tan t  r o l e  h e r e .  The p re s e n c e  o f  th e  Chesapeake C o rp o ra t i o n  
o f  V i r g i n i a  a s  t h e  m a j o r  i n d u s t r y  and a p o p u l a t i o n  o f  2 ,500  a t  West 
P o i n t  s u g g e s t  t h a t  b o t h  may b e  m a j o r  c o n t r i b u t o r s  o f  p e t r o l e u m  a n d
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combust ion p ro d u c t  h y d ro c a rb o n s .  A l a r g e  a r e a  o f  marsh p r e d o m i n a t e d  by 
m a r s h  c o r d g r a s s  S n a r t i n a  c y n o s u r o i d e s  (Wass and W r i t e ,  1969) l i k e l y  
c o n t r i b u t e s  l a r g e  amounts o f  r e c e n t  b i o s y n t h e a i z e d  h y d r o c a r b o n s .  I n  
o r d e r  t o  i n v e s t i g a t e  t h e  i m p a c t  o f  t h i s  p o s s i b l e  s o u r c e  on t h e  
d i s t r i b u t i o n  of  hydrocarbons  found i n  t h e  a r e a ,  t h e  f o l l o w i n g  c r i t e r i a  
u s e d  t o  d i f f e r e n t i a t e  p e t ro l e u m  from r e c e n t  b i o s y n t h e s i z e d  hydrocarbons  
was employed.
( 1 )  The  p r e s e n c e  o f  a  UCM, p h y t a n e ,  a  p r i s t a n e / p h y t a n e  r a t i o  o f  
a p p r o x i m a t e l y  1 . 0 ,  an  n - a l k a n e  d i s t r i b u t i o n  w i t h  no o d d - t o - e v e n  
predominance ,  and a ro m a t ic  hydroca rbons  a r e  c h a r a c t e r i s t i c s  o f  pe t ro leu m  
h y d r o c a r b o n s  ( W i l s o n  and  H u n t ,  1 9 7 5 ;  F a r r i n g t o n  a n d  M e y e r s ,  1 9 7 5 ;  
F a r r i n g t o n  and  T r i p p ,  1977; Laflamme and H i t e s ,  1 978 ) .  The UCM i s  th e  
r e s u l t  o f  o v e r l a p p in g  e l u t i o n  o f  a complex m ix tu r e  o f  b r a n c h e d ,  c y c l i c ,  
and u n s a t u r a t e d  a l i p h a t i c  hydrocarbons  and a ro m a t ic  hy d ro ca rb o n s .  S ince  
shape and magnitude o f  t h e  obse rved  UCM a l s o  depends on c h r o m a t o g r a p h i c  
p ro c e d u re  ( B a r r i c k  e t  a l . ,  1980) ,  t h e  comparison of  UCM's from d i f f e r e n t  
l a b o r a t o r i e s  s h o u ld  be  c o n d u c t e d  w i t h  c a r e .  R e c e n t  b i o s y n t h e s i s  by 
p h y t o p l a n k t o n ,  l a n d  p l a n t s ,  b e n t h i c  a l g a e ,  and m a r i n e  a n i m a l s  i s  
u n l i k e l y  to  be a p redominant  source  o f  an UCM, b u t  p o s s i b l e  b i o s y n t h e s i s  
by b a c t e r i a s  and y e a s t s  can n o t  be r u l e d  o u t  ( F a r r i n g t o n  e t  a l . ,  1977) .
(2)  The d i s t r i b u t i o n  of  n - a l k a n e s  o r i g i n a t i n g  f rom land  p l a n t s  e x h i b i t s  
a n  o d d - t o - e v e n  p r e d o m i n a n c e  i n  t h e  r a n g e  o f  rv-C23 t o  n.-C33 w i t h  a 
maximum around  n-C27,  n-C29 o r  n~C33 ( E g l i n t o n  and Murphy,  1 9 6 9 ;  H u n t ,  
1979) .  A CPI2 q_ 3 2  o f  2 .6 -6  i s  t y p i c a l  f o r  t h i s  o r i g i n  (S im o n e i t ,  1978) .  
Pe t ro leum  and mar ine  d e r iv e d  n . -a lkanes ,  however,  c o n t a i n  m a i n l y  low MW 
n - a l k a n e s  (n -C15  t o  n,-C21) w i t h  no  o d d - t o - e v e n  p r e d o m i n a n c e  (Hunt,  
1979) .
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( 3 )  The p r e s e n c e  o f  PAH's has  b e e n  u s e d  t o  i n d i c a t e  p e t ro l e u m  a n d /o r  
combustion p ro d u c t s  r a t h e r  t h a n  b i o s y n t h e s i s  (Y ou n g b lo o d  and  B lu m e r ,  
19 7 5 ;  B lu m e r ,  1 9 7 6 ;  G i g e r  and S c h a f f n e r ,  1 9 7 7 ;  Laf lamm e and  H i t e s ,  
1978) .  A l t h o u g h  s e v e r a l  s t u d i e s  s u g g e s t e d  PAH's t o  b e  o f  b i o g e n i c  
o r i g i n ,  more r e c e n t  work  c o n c lu d e d  t h a t  b io a c c u m u la t io n  o f  PAH r a t h e r  
th a n  s y n t h e s i s  i s  more l i k e l y  t o  be  t h e  c a s e  ( H a s e  and H i t e s ,  1 9 7 6 ) .  
The d i s t r i b u t i o n  o f  PAH a s s e m b l a g e s  h a s  b e e n  u s e d  to  d i f f e r e n t i a t e  
pe t ro leum  from combustion p r o d u c t s .  The p redominance  o f  u n s u b s t i t u t e d  
PAH over  t h e i r  a l k y l  homologs i s  i n d i c a t i v e  o f  combustion p r o d u c t s  w h i le  
th e  p r e s e n c e  o f  e x t e n s i v e  s u b s t i t u t i o n  i n d i c a t e s  p e t r o l e u m  ( B l u m e r ,  
1976; Laflamme and H i t e s ,  1978) .
V i s u a l  i n s p e c t i o n  o f  g a s  c h r o m a to g r a m s  o f  t h e  a l i p h a t i c  a n d  
a r o m a t i c  h y d r o c a r b o n  f r a c t i o n s  ( F i g u r e s  3 . 1 7  a n d  3 . 1 9 )  s u g g e s t s  a 
com bina t ion  o f  p e t ro l e u m  h y d r o c a r b o n s , c o m b u s t i o n  p r o d u c t s ,  and l a n d  
p l a n t - d e r i v e d  h y d ro c a rb o n s .  The p re s e n c e  o f  a  l a rg e  and b road  a l i p h a t i c  
and a ro m a t ic  UCM, p h y ta n e ,  and a p r i s t a n e / p h y t a n e  r a t i o  o f  app rox im a te ly  
1 . 0  s u g g e s t  t h e  c o n t r i b u t i o n  o f  p e t r o l e u m  h y d r o c a r b o n s .  The 
d i s t r i b u t i o n  of  n r a l k a n e s  w i th  o d d - to - e v e n  predominance in  t h e  n-C20 t o  
n-C32 r a n g e  w i t h  a maximum a t  n-C29 i s  a  c h a r a c t e r i s t i c  t y p i c a l  o f  land 
p l a n t s .
C o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  t h e  UCMs, n - C l 7 , p r i s t a n e ,  
n -C l8 ,  phy tane ,  n.-Cl9, some d i t e r p a n e s ,  and u n s u b s t i t u t e d  PAH ( F i g u r e s  
3 . 1 8  ( a ) ,  (b )  and  3 . 2 0  ( a ) )  show maximum c o n c e n t r a t i o n s  a t  s t a t i o n  P3. 
Th is  s u g g e s t  t h a t  t h e  KPPME c o n t a i n s  p e t r o l e u m  h y d r o c a r b o n s  a n d / o r  
combustion p ro d u c t s  i s  l i k e l y  to  be a sou rce  f o r  t h e s e  compounds a t  t h i s  
s t a t i o n  s i n c e  i t  i s  a t  th e  o u t f a l l .  The p r e s e n c e  o f  th e s e  compounds i n  
t h e  KPPME (Table  3 ,3  and 3 . 5 )  i s  f u r t h e r  ev idence  f o r  i t s  c o n t r i b u t i o n .
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F u r t h e r  suppor t  f o r  t h e  co n c lu s io n  t h a t  th e  KPPME i s  a sou rce  f o r  t h e s e  
compounds comes f ro m  t h e  c o n c e n t r a t i o n - d e p t h  p r o f i l e s  i n  c o r e  F3#2 
( F i g u r e s  3.26 ( a ) ,  (b)  and 3 . 2 8  ( a ) )  w h ich  show a r a p i d  i n c r e a s e  f ro m  
d e e p e r  s e d i m e n t s  t o  t h e  s u r f a c e ,  B i m i l a r  to  r e s i n  a c i d s .  However, a 
nearby  b o a t  dock n o rm a l ly  used  f o r  u n lo a d in g  f u e l  o i l  f o r  t h e  m i l l  may 
b e  a n o t h e r  s o u rce  f o r  th e  p e t ro l eu m  hy d ro ca rb o n s .  The consumption r a t e  
o f  f u e l  o i l  (No.  6)  ( F ig u r e  4 . 4  ( a ) )  shows a  maximum a r o u n d  1 9 7 2 - 1 9 7 8 .  
The u s e  o f  f u e l  o i l  i n  t h e  m i l l  c o u ld  be r e s p o n s i b l e  f o r  the  observed  
p r o f i l e s  o f  n - C l7 ,  p r i s t a n e ,  n-C18,  p h y ta n e ,  n -C l9 ,  and t h e  UCMs i n  t h e  
r i v e r  s e d i m e n t s .  In  a d d i t i o n ,  o t h e r  k in d s  o f  b o a t i n g  a c t i v i t i e s  in  t h e  
a r e a ,  l a n d  r u n o f f ,  a n d  a i r  t r a n s p o r t  o f  c o m b u s t i o n  p r o d u c t s  may 
c o n t r i b u t e  s i g n i f i c a n t  am o u n ts  o f  p e t ro l e u m  hydroca rbons  to  th e  a r e a .  
E f f e c t  o f  b o a t i n g  a c t i v i t i e s  o n  c o n c e n t r a t i o n s  o f  h y d r o c a r b o n s  i n  an 
e s t u a r i n e  e n v i r o n m e n t  has  b e e n  d e m o n s t r a t e d  ( V o u d r ia s ,  1981) .  A UCM 
ra n g in g  from n-Cl2  to  n.-C33 w i t h  a maximum a t  n.-Cl7 to  n-C20 or  a t  n.-C23 
t o  n.-C25 was r e p o r t e d  i n  a s to rm w a te r  r u n o f f  (Eganhouse e t  a l . ,  1981) 
and i n  a i r  p a r t i c u l a t e s  (Hauser  and P a t t i s o n ,  1972;  F a r r i n g t o n  e t  a l . ,
1 9 7 6 ) .  The c o n c e n t r a t i o n - d e p t h  p r o f i l e s  o f  th e s e  same compounds i n  th e  
i n t e r t i d a l  core  ( F i g u r e s  4 .5  ( a )  and 4 .6  ( a ) )  s u g g e s t  c o n t a m i n a t i o n  by  
pe t ro leu m  hydrocarbons  i n  th e  i n t e r t i d a l  a r e a .
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High c o n c e n t r a t i o n s  o f  t h e  h ig h  MW 11- a l k a n e s  (> n-C27) a t  s t a t i o n s  
P6 and M2 su g g es t  t h e  p o s s i b i l i t y  o f  an  a d d i t i o n a l  s o u r c e .  H ig h  MW 
i r - a l k a n e B  w i t h  a s t r o n g  o d d - t o - e v e n  r a t i o  a r e  c h a r a c t e r i s t i c  o f  land  
p l a n t s .  A n a ly s i s  o f  d r i e d  c o r d g r a s s  w h i c h  d o m i n a t e s  t h e  m a r s h  a r e a s  
shows s t r o n g  o d d - to - e v e n  predominance w i th  a maximum a t  n-C33 ^^-^20-32  
o f  2 .1)  and t o t a l  c o n c e n t r a t i o n s  o f  228 jug/g dry w e igh t  ( U n k u l v a s a p a u l ,  
1982,  u n p u b l i sh e d  d a t a ) . Th i s  s u g g e s t s  t h a t  co rd g ra s s  i s  l i k e l y  to  be a 
ma jor  source  f o r  the  h ig h  MW n - a l k a n e s .
D i f f e r e n c e s  i n  t h e  c o n c e n t r a t i o n - d e p t h  p r o f i l e s  o f  t h e  h ig h  MW 
n - a l k a n e s  ( F i g u r e  3 . 2 6 )  from th o s e  o f  r e s i n  a c i d s  i n  c o re  P3#2 ( F i g u r e s
3 . 2 1  t h r o u g h  3 . 2 4 )  i n d i c a t e  t h a t  t h e  h ig h  MW n r a l k a n e s  and r e s i n  a c i d s
*
may have d i f f e r e n t  s o u r c e s  a n d / o r  d i f f e r e n t  f a t e s  a f t e r  d e p o s i t i o n .  
H ig h  c o n c e n t r a t i o n s  o f  t h e  h i g h  MW n. -alkanes a t  deepe r  l e v e l s  su g g es t  
t h a t  t h i s  core  has  b e e n  r e c e i v i n g  a  r e l a t i v e l y  c o n s t a n t  f l u x  o v e r  a 
p e r i o d  c o r r e s p o n d i n g  to  t h e  l e n g th  of  t h e  co re  (40 cm) and d e g r a d a t i o n  
i s  u n l i k e l y  t o  be r e s p o n s i b l e  f o r  t h e  d e c r e a s e s  i n  c o n c e n t r a t i o n s .  The 
a n a l y s e s  o f  t h e  KPPME show r e l a t i v e l y  l a r g e  a m o u n ts  o f  r e s i n  a c i d s  
compared to  t h e  h igh  MW n - a l k a n e s  so t h a t  t h e  KPPME i s  u n l i k e l y  t o  be  a 
m a j o r  s o u r c e  f o r  t h e s e  compounds. F l u c t u a t i o n s  i n  t h e i r  c o n c e n t r a t i o n  
w i t h  d e p th  may be due t o  s e a s o n a l  v a r i a t i o n s  i n  t h e  a m o u n ts  o f  w a t e r  
f l o w  a n d / o r  s u s p e n d e d  s o l i d s  which a r e  expec ted  i n  a  sm al l  t i d a l  a r e a .  
The c o n c e n t r a t i o n - d e p t h  p r o f i l e s  o f  t h e  h i g h  MW n - a l k a n e s  i n  t h e  
i n t e r t i d a l  c o r e  ( F i g u r e  4 . 5  ( b ) )  show s i m i l a r  p r o f i l e s  a n d  
c o n c e n t r a t i o n s  a s  t h o s e  i n  c o r e  P 3 # 2 .  T h i s  a p p e a r s  t o  s u p p o r t  t h e  
c o n c l u s i o n  t h a t  the marsh c o r d g r a s s  i s  t h e  major  source  f o r  th e  h i g h  MW 
n . -a lkanes  r a t h e r  t h a t  t h e  KPPME.
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The d e p t h  p r o f i l e s  o f  u n s u b s t i t u t e d  PAH i n  th e  i n t e r t i d a l  co re  
( F i g u r e  4.6 ( a ) )  appea r  t o  f o l l o w  t h e  consumption r a t e  of  c o a l  and  wood 
u s e d  by t h e  C h e s a p e a k e  C o r p o r a t i o n  o f  V i r g i n i a  ( F i g u r e  4 . 4  ( b ) ) .  
B e rg s to rm  e t  a l .  ( 1 9 8 2 )  r e p o r t e d  t h a t  t h e  u s e  o f  c o a l  o r  wood a s  a 
b u r n i n g  f u e l  i n  d i f f e r e n t  b o i l e r s  p roduced  r e l a t i v e l y  l a r g e  amounts o f  
PAH compared t o  f u e l  o i l .  S ince  t h e  i n t e r t i d a l  a r e a  i s  e x p o s e d  t o  t h e  
a t m o s p h e r e  d u r i n g  ebb  t i d e ,  i t  i s  p o s s i b l e  t h a t  a i r  t r a n s p o r t  o f  
combustion p ro d u c t s  p roduced  i n  t h e  m i l l  i s  r e s p o n s i b l e ,  i n  p a r t ,  f o r  
th e  u n s u b s t i t u t e d  PAH's obse rved  in  th e  i n t e r t i d a l  a r e a .
P e ry le n e  and Hydrochrysene D e r i v a t i v e s :  The c o n c e n t r a t i o n - s t a t i o n
p r o f i l e  o f  p e r y l e n e  ( F ig u r e  3 .20  ( d ) )  i s  r e l a t i v e l y  un i fo rm  compared to  
th o s e  o f  a l l  o t h e r  compounds mentioned  above .  The p r e s e n c e  o f  p e r y l e n e  
i n  r e c e n t  s e d i m e n t s  and th e  i n c r e a s e  in  c o n c e n t r a t i o n  w i th  i n c r e a s i n g  
d ep th  a r e  b e l i e v e d  to  be th e  r e s u l t  o f  .in s i t u  p r o d u c t i o n  i n  a r e d u c i n g  
environment ( A i z e n s h t a t ,  1973) .  However, i t s  p r e c u r s o r  and th e  r e a c t i o n  
mechanism a r e  c o n t r o v e r s i a l  (T a n  a n d  H e i t ,  1 9 8 1 ) .  P e r y l e n e  was n o t  
f o u n d  i n  t h e  KPPME. R e l a t i v e l y  h igh  c o n c e n t r a t i o n s  o f  t h i s  compound in  
t h e  r i v e r  sed im ents  and th e  i n c r e a s e  in  c o n c e n t r a t i o n  w i t h  i n c r e a s i n g  
d e p t h  a p p e a r  t o  s u p p o r t  in  s i t u  p r o d u c t i o n .  The d e p t h  p r o f i l e  o f  t h i s  
compound in  t h e  i n t e r t i d a l  a r e a  i s  s i m i l a r  to  t h a t  i n  c o r e  P3#2 w i t h  a 
s i m i l a r  c o n c e n t r a t i o n s .  This  s u g g e s t s  t h a t  t h e  KPPME i s  u n l i k e l y  t o  be 
a s o u rce  f o r  t h e  p r e c u r s o r  of  p e r y l e n e .
The p r e s e n c e  o f  3 , 4 , 7 , 1 2 a - t e t r a m e t h y l - l , 2 , 3 , 4 , 4 a , 1 1 , 1 2 , 1 2 a -  
o c t a h y d r o c h r y s e n e  (ARI 4 0 4 ,  compound C 2 ) ,  3 ,3  ,7 , 1 2 a - t e t r a m e t h y l -  
1 , 2 , 3 , 4 , 4 a , 1 1 , 1 2 , 1 2 a - o c t a h y d r o c h r y s e n e  (ARI 408 ,  compound C 3) ,  and 
3 , 3 , 7 - t r i m e t h y l - l , 2 , 3 , 4 - t e t r a h y d r o c h r y s e n e  (ARI 446,  compound C5) i n  the  
a r o m a t i c  hydrocarbon f r a c t i o n  o f  sed im ents  i s  g e o ch e m ic a l ly  i n t e r e s t i n g .
These compounds have been  i d e n t i f i e d  i n  s e v e r a l  R e c e n t  s e d i m e n t s  and 
t h e i r  g o e c h e m i c a l  pa thways  have been proposed b a s e d  on t h e i r  m o lecu la r  
s t r u c t u r e s  ( S p y k e r e l l e  e t  a l . ,  1975; Wakeham e t  a l . ,  1980; Tan and H e i t ,  
1981) .  P e n t a c y c l i c  t r i t e r p e n e s  C^-amyrin ,  compound C7, a n d / o r ^ - a m y r i n ,  
compound C 8 ) , w hich  a r e  w i d e l y  d i s t r i b u t e d  i n  h i g h e r  p l a n t s ,  w e r e  
s u g g e s t e d  t o  b e  t h e  m o s t  l i k e l y  p r e c u r s o r s  o f  t h e s e  compounds. The 
p r e s e n c e  of  t h e s e  t r i t e r p e n e s  in  t h e  KPPME and sed im en t  samples  was n o t  
d e t e r m i n e d  i n  t h i s  s t u d y .  C o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  (F ig u re  3 .20  
( c ) )  o f  hydrochrysene  d e r i v a t i v e s  i n  s e d i m e n t s  a n a l y z e d  i n  t h i s  s t u d y  
show h i g h  c o n c e n t r a t i o n s  a t  s t a t i o n  P3 . Since t h e s e  compounds were no t  
found i n  the KPPME, . in s i t u  p r o d u c t i o n  from t h e i r  p r e c u r s o r s  i s  r e q u i r e d  
t o  e x p l a i n  t h e  o b s e r v e d  p r o f i l e s .  The c o n c e n t r a t i o n - d e p t h  p r o f i l e  o f  
c o r e  F3#2 ( F i g u r e s  3 . 2 8  ( c )  and  ( d ) )  show  a t r e n d  o f  i n c r e a s i n g  
c o n c e n t r a t i o n s  w i t h  i n c r e a s i n g  d e p t h  o f  t h e  3 , 3 , 7  a n d  3 , 4 , 7  
o c t a h y d r o c h r y s e n e s . The i n c r e a s e s  i n  c o n c e n t r a t i o n s  o f  t h e s e  same 
compounds w i t h  i n c r e a s i n g  d e p t h  t o  6 0 - 6 4  cm i n  t h e  i n t e r t i d a l  c o re  
( F i g u r e  4 .6  ( b ) )  can  be  i n t e r p r e t e d  a s  an  e v i d e n c e  f o r  in. s i t u  
p r o d u c t i o n  i n  t h e s e  s e d i m e n t s .  An a d d i t i o n a l  t a t r a h y d r o c h r y s e n e  
d e r i v a t i v e :  3 , 4 , 7 , 1 2 a - t r i r a e t h y l - l , 2 , 3 , 4 - t e t r a h y d r o c h r y s e n e  (ARI 4 4 2 ,
c o m p o u n d  C4) h a s  b e e n  i d e n t i f i e d  i n  t h e  i n t e r t i d a l  c o r e .  A d e p t h  
p r o f i l e  o f  t h i s  compound ( F i g u r e  4 . 6  ( c ) )  s u g g e s t s  t h a t  i n  s i t u  
p r o d u c t i o n  i s  s lower  t h a n  those  o f  t h e  h y d roch rysenes  mentioned e a r l i e r .
I t  s h o u l d  be p o i n t e d  o u t  t h a t  t h e  q u a n t i f i c a t i o n  o f  t h e s e  
c o m p o u n d s  may be  a f f e c t e d  b y  p o o r  r e s o l u t i o n  o f  t h e  GC s y s t e m .  
C o e lu t io n  of  PAH having pyrogen ic  and b i o g e n i c  o r i g i n s  were o c c a s i o n a l l y  
o b s e r v e d .  The c o e l u t i o n  p a i r s  obse rved  i n  thiB s t u d y  were pyrene p l u s  
1 , 2 , 3 , 4 - t e t r a h y d r o r e t e n e  and c h r y s e n e  p l u s  t r i p h e n y l e n e  p l u s  an
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o c t a h y d r o c h r y s e n e . Due to  t h e s e  c o e l u t i o n s ,  q u a n t i t a t i v e  e v a l u a t i o n  a r e  
d i f f i c u l t .  The p r e s e n c e  of  1 , 2 , 3 , 4 - t e t r a h y d r o r e t e n e  was o b s e r v e d  a s  a 
s m a l l  p e a k  a t  the  b a s e  o f  th e  py rene  peak in  sample MR b u t  n o t  i n  r i v e r  
s e d im e n t s .  C o e lu t io n  o f  the  compound i d e n t i f i e d  as  an o c t ahyd roch rysene  
(Wakeham e t  a l . ,  1 980 )  w i t h  c h r y s e n e / t r i p h e n y l e n e  i s  more l i k e l y  in  
d e e p e r  s e d im e n t s .  The p re sen ce  o f  t h i s  compound a t  a dep th  o f  2 4 - 2 8  cm 
was conf irm ed  by GC/MS.
4 . 5  Geochemical  F a te  o f  Res in  Acids  A f t e r  D ischa rge
The p r e s e n c e  o f  d e h y d r o a b i e t i c  a c i d  and p o s s i b l y  r e l a t e d  
h y d roca rbons  i n c lu d in g  f i c h t e l i t e ,  r e t e n e ,  d e h y d r o a b i e t i n  (compound B5),
1 , 2 , 3  , 4 - t e t r a h y d r o r e t e n e  (compound B6),  d eh y d ro a b ie ta n e  (compound B7),  
and s i m o n e l l i t e  (compound B8) i n  deep sea  and s e v e r a l  R e c e n t  s e d i m e n t s  
h a s  b e e n  r e p o r t e d  (S im o n e i t ,  1977;  Laflamme and H i t e s ,  1978; Wakeham e t  
a l . ,  1 9 8 0 ;  Tan  and H e i t ,  1 9 8 0 ) .  T h e s e  r e s u l t s  h ave  l e d  t o  s e v e r a l  
p r o p o s e d  d e g r a d a t i o n  p a t h w a y s  from a b i e t i c  a c i d  t o  r e t e n e  as  shown i n  
F ig u r e s  A 5.1 ,  A5.2,  A 5 .3 ,  A5.4 in  Appendix V.
R e t e n e  was i d e n t i f i e d  i n  t h e  s e d i m e n t  samples a n a ly zed  i n  t h i s  
s t u d y .  However,  i t s  d i s t r i b u t i o n  p r o f i l e s  ( F i g u r e s  3 . 2 0  ( d )  and  3 , 2 8  
( c ) )  a r e  r e l a t i v e l y  u n i f o r m  compared t o  th o s e  o f  r e s i n  a c i d s  b o th  f o r  
a b i e t i c  and p im a r i c  t y p e s  ( F i g u r e  3 .16  and F ig u r e s  3 . 2 1  t h r o u g h  3 . 2 4 ) .  
T h i s  s u g g e s t s  t h a t  r e t e n e  i n  t h e  r i v e r  s e d i m e n t s  i s  u n l i k e l y  to  be 
d e r i v e d  from r e s i n  a c i d s  in  t h e  d i s c h a r g e  a r e a .  The r e l a t i v e l y  u n i f o r m  
d e p t h  p r o f i l e  o f  r e t e n e  i n  t h e  i n t e r t i d a l  c o r e  ( F i g u r e  4 . 6  ( c ) )  i s  
s i m i l a r  to  t h a t  f o u n d  i n  c o r e  P 3 # 2 ,  a l t h o u g h  t h e  c o n c e n t r a t i o n s  a r e  
a p p r o x i m a t e l y  5 t i m e s  lower th a n  th o s e  in  core  P3#2,  Re tene  was found 
to  be  predominant  i n  t h e  s e d im e n t  t a k e n  f ro m  s t a t i o n  MR ( F i g u r e  3 . 1 9
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( c ) ) »  The c o n c e n t r a t i o n  o f  r e t e n e  found a t  t h i s  s t a t i o n  (380 ng /g  dry  
sediment)  i s  h i g h e r  th a n  th o s e  found i n  the  r i v e r  sed im ents  (<  0 .80  n g /g  
d ry  s e d i m e n t )  . O t h e r  compounds from th e  d e g r a d a t i o n  pathway shown i n  
F igu re  A 5 .3 ,  A ppend ix  V) h a v e  a l s o  b e e n  i d e n t i f i e d  by GC-MS i n  t h i s  
s a m p l e .  The compounds  a r e  f i c h t e l i t e ,  1 , 2 , 3 , 4 - t e t r a h y d r o r e t e n e ,  and 
dehydroab i e t  i n .  However, r e t e n e  was f o u n d  t o  b e  a m i n o r  com ponent  i n  
t h e  two g r a b  s a m p l e s  c o l l e c t e d  from t h e  marsh a r e a  i n  November, 1982 .
I t  shou ld  be n o te d  t h a t  even though t h e  s a m p l i n g  was c o n d u c t e d  d u r i n g  
t h e  h i g h  w a t e r  s l a c k ,  t h e  a r e a  was d r y  when t h e  sample  was ta k en  i n  
March 1981 w h i l e  i t  was u n d e r  a p p r o x i m a t e l y  1 f o o t  o f  w a t e r  when t h e  
samples were t a k e n  in  November 1982.
The d e p o s i t i o n  o f  r e t e n e  and  i t s  p r e s e r v a t i o n  i n  r e d u c i n g  
s e d i m e n t s  h a s  b e e n  p r o p o s e d  t o  be  t h e  p r o c e s s  r e s p o n s i b l e  f o r  i t s  
p r e s e n c e  i n  Sagamore Lake sed iment (Tan and H e i t ,  1 9 8 1 ) .  H ow ever ,  i n  
s i t u  p r o d u c t i o n  f r o m  i t s  p r e c u r s o r  r a t h e r  t h a n  d e p o s i t i o n  o f  t h e  
preformed r e t e n e  has  been p r o p o s e d  f o r  t h e  p r e s e n c e  o f  r e t e n e  i n  t h e  
L a k e  W a s h i n g t o n  a r e a  (W akeham  e t  a l . ,  1 9 8 0 ) .  The  p r e s e n c e  o f  
d e h y d r o a b i e t i c  a c i d ,  r e t e n e ,  and  t h e  p r e d o m i n a n c e  o f  t h e  o x i d a t i v e  
i n t e r m e d i a t e s  ( d e h y d r o a b i e t i n  and 1 , 2 , 3 , 4 - t e t r a h y d r o r e t e n e )  over  t h e  
r e d u c t i v e  i n t e r m e d i a t e s  ( d e h y d r o a b i e t a n e  and s i m o n e l l i t e )  i n  d eep  s e a  
sed im ents  has  been r e p o r t e d  to  i n d i c a t e  the  p r e f e r e n c e  o f  o x i d a t i v e  o v e r  
r e d u c t i v e  c o n d i t i o n s  o f  t h e  i n  s i t u  p r o d u c t i o n  o f  r e t e n e  ( S i m o n e i t ,
1 9 7 7 ) .  The p re s e n c e  o f  d e h y d r o a b i e t i n  and 1 , 2 , 3 , 4 - t e t r a h y d r o r e t e n e  and 
the  absence  o f  d e h y d r o a b i e t a n e  and  s i m o n e l l i t e  a t  s t a t i o n  MR seem t o  
suppor t  t h i s  s u g g e s t i o n .  The p r e s e n c e  o f  f i c h t e l i t e  i n  sample MR may be 
t h e  r e s u l t  o f  a  d i s p r o p o r t i o n a t i o n  r e a c t i o n  a s  s u g g e s t e d  by o t h e r  
r e s e a r c h e r s  ( E g l i n t o n  and Murphy, 1969; S im o n e i t ,  1977) .  However, i t  i s
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p o s s i b l e  t h a t  th e  p r e s e n c e  o f  r e t e n e  in  th e  marsh a r e a  may be p a t c h y  a s  
a r e s u l t  o f  m icroenv i ronm en ts  as s u g g es ted  by Simoneit  (1977) a n d / o r  i t  
i s  a r e s u l t  o f  a i r  t r a n s p o r t a t i o n  o f  c o m b u s t i o n  p r o d u c t s .  R e t e n e ,  
d e h y d r o a b i e t i n  and s i m o n e l l i t e  have been i d e n t i f i e d  i n  a wood combustion 
e m i s s i o n s  a n d  i n  a m b i e n t  a i r  s a m p l e s  ( R a m d a h l ,  1 9 8 3 ) .  T h e
3
c o n c e n t r a t i o n s  o f  r e t e n e  were r e p o r t e d  to  be 16 to  1,420 jig/m in  f l u e
3
gas and 6 to  8 ng/m i n  t h e  ambient  a i r .
CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS
From t h e  r e s e a r c h  r e p o r t e d  h e r e ,  i t  i s  concluded  t h a t :
1)  The m e th o d  u s e d  t o  a n a ly ze  r e s i n  a c i d s  i n  t h e  KPPME, w a te r ,  
a n d  s e d i m e n t s  g a v e  r e s u l t s  w i t h  good p r e c i s i o n .  To m i n i m i z e  t h e  
p o s s i b i l i t y  o f  d e g r a d a t i o n  o f  con juga ted  d i e n e  r e s i n  a c i d s  i n  KPPME a 
weaker a c i d  w ou ld  be  r e q u i r e d .  The m e th o d  u s e d  h e r e  a p p e a r s  t o  be 
a p p l i c a b l e  to  geochemica l  s t u d i e s  o f  r e s i n  a c i d s  in  s e d im e n t s .
2)  A b i e t i c  a c i d  and  d e h y d r o a b i e t i c  a c i d  w e re  t h e  two m a j o r  
c o m p o n e n t s  o f  t h e  r e s i n  a c i d  f r a c t i o n s  o f  t h e  KPPME, b e in g  r e s p o n s i b l e  
f o r  > 70% o f  th e  t o t a l  c o n c e n t r a t i o n .  C o n c e n t r a t i o n s  o f  1 . 1 - 3 . 4  mg/L 
a b i e t i c  a c i d ,  0 . 6 2 - 2 . 5  m g /L  d e h y d r o a b i e t i c  a c i d ,  0 . 2 5 - 0 . 8 7  mg/L 
i s o p i m a r i c  a c i d ,  0 . 5 2 - 0 . 9 6  mg/L p i m a r i c  a c i d ,  a n d  0 . 0 6 - 0 . 1 9  mg/L 
s a n d a r a c o p i m a r i c  a c i d  w e re  f o u n d  i n  s e c o n d a r y  e f f l u e n t s  c o l l e c t e d  on 
t h r e e  d i f f e r e n t  o c c a s i o n s .  These compounds a r e  d e r iv e d  from wood c h i p s  
used  as  a raw m a t e r i a l  in  th e  m i l l .  In a d d i t i o n ,  smal l  amounts o f  o th e r  
r e s i n  a c i d s  which a r e  l i k e l y  to  be r e a c t i o n  p r o d u c t s  o f  d e h y d r o a b i e t i c  
a c i d  were a l s o  found i n  t h e  sam ples .
3 )  The UNOX s y s t e m  a p p e a r e d  t o  b e  an  i m p o r t a n t  f a c t o r  i n  
c o n t r o l l i n g  t h e  c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  i n  secondary  e f f l u e n t s .
4)  The c o n c e n t r a t i o n s  of  r e s i n  s c i d s  i n  aq u eo u s  s a m p l e s  d i d  n o t  
c h a n g e  s i g n i f i c a n t l y  d u r in g  a 1 week s t o r a g e  a t  14°C. An 20% d e c re a s e  
was obse rved  a f t e r  s t o r a g e  of  2 weeks and 40% was l o s t  a f t e r  4 w e e k s .
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S a m p l e s  t h a t  h a d  b e e n  s t o r e d  i n  a f r e e z e r  f o r  4 weeks  c o n t a i n e d  
c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  s i m i l a r  to  th o s e  o b t a in e d  from th e  samples 
t h a t  had been s t o r e d  a t  14°C.
5) A p p r o x i m a t e l y  50% t o  80% o f  r e s i n  a c i d s  a p p e a r e d  t o  be  
a s s o c i a t e d  w i t h  s u s p e n d e d  s o l i d s  o f  s i z e  > 10 pm a t  pH 8 and pH 3 ,  
r e s p e c t i v e l y .  This  s u g g e s t s  t h a t  sediment t r a n s p o r t  i s  l i k e l y  t o  be  a 
m a j o r  p r o c e s s  i n  c o n t r o l l i n g  t h e  f a t e  o f  r e s i n  a c i d s  a f t e r  b e i n g  
d i s c h a r g e d .
6 )  D e h y d r o a b i e t i c  a c i d  was th e  ma jor  r e s i n  a c i d  found i n  wate r  
sam ples .  The c o n c e n t r a t i o n s  o f  d e h y d r o a b i e t i c  a c i d  i n  s o l u t i o n  a t  pH 
6 . 5 - 7 . 5  w e re  fo u n d  t o  be 0 . 4 1 - 2 . 0  p g / L  i n  s u r f a c e  w a te r  and 0 .4 1 -3 . 6  
pg /L  in  s u b s u r f a c e  w a t e r .  These c o n c e n t r a t i o n s  a r e  much lower  t h a n  t h e  
96 h r  DCjjq v a l u e  f o r  ra inbow t r o u t  o f  d e h y d r o a b i e t i c  a c i d .
7) Most o f  t h e  r e s i n  a c i d s  i d e n t i f i e d  i n  KPPME w e r e  f o u n d  i n  
s e d i m e n t s ,  a n d  d e h y d r o a b i e t i c  a c i d  was t h e  m a j o r  c o m p o n e n t .  The 
c o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  of  r e s i n  a c i d s  i n  sed im ents  show h i g h e s t  
c o n c e n t r a t i o n s  n e a r  t h e  d i s c h a r g e  a r e a .  Th is  i n d i c a t e s  t h a t  t h e  KPPME 
i s  t h e i r  m a j o r  s o u r c e .  C o n c e n t r a t i o n s  o f  5 . 8  p g / g  d e h y d r o a b i e t i c ,  
1 . 9  p g / g  a b i e t i c  a c i d ,  1 .5  p g /g  i s o p i m a r i c  a c i d ,  1 .2  p g /g  p im a r ic  a c i d ,  
and 0 .3 2  p g / g  sa n d a ra c o p im a r i c  a c i d  were found in  sed im ents  c o l l e c t e d  a t  
s t a t i o n  P 3 . T h e s e  v a l u e s  a r e  a p p r o x i m a t e l y  t h r e e  t im es  h i g h e r  than  
th o s e  found i n  sed im ents  t aken  from o t h e r  s t a t i o n s .
8 )  The c o n c e n t r a t i o n - d e p t h  p r o f i l e s  o f  r e s i n  a c i d s  i n  sedim ents  
appea r  t o  r e f l e c t  v a r i a t i o n s  in  th e  KPPME d i s c h a r g e .  Depth p r o f i l e s  o f  
r e s i n  a c i d s  in  co re s  P2,  P 3# l ,  and P3#2 a p p e a r  to  r e f l e c t  t h e  r e l o c a t i o n  
o f  t h e  KPPME o u t f a l l .  I f  t h e s e  p r o f i l e s  r e p r e s e n t  t h e  a c t u a l  e v e n t s
o c c u r r i n g  in  t h e  m i l l ,  average  s e d i m e n t a t i o n  r a t e s  o f  app rox im ate ly  2 to  
3 cm/year n e a r  th e  o u t f a l l  and 1 cm/year e l s e w h e r e .
9)  C o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  a l i p h a t i c  and  a r o m a t i c  
hydrocarbons  a l s o  show h ig h  c o n c e n t r a t i o n s  a t  s t a t i o n  P3 which i n d i c a t e s  
t h a t  t h e  KPPME i s  a l i k e l y  s o u rc e  f o r  t h e  compounds. The c o rd g ra s s  i n
t h e  marsh a r e a s  along  t h e  r i v e r s  appea r  t o  be a ma jor  source  o f  h i g h  MW
n - a l k a n e s  whereas  the  u s e  o f  f u e l  o i l  i n  t h e  m i l l  i s  a l i k e l y  source  f o r
p e t ro leu m  h y d ro c a rb o n s .  The b u r n in g  of  wood and c o a l  i n  t h e  m i l l  may be
r e s p o n s i b l e  f o r  the  em is s io n  o f  PAH's which a r e  subsequen t  d e p o s i t e d  i n  
t h e  i n t e r t i d a l  a r e a .
10)  D i s t r i b u t i o n s  o f  p e r y l e n e  o b s e r v e d  i n  t h i s  s tudy  appea r  to  
s u p p o r t  r n  s i t u  p r o d u c t i o n  i n  a r e d u c i n g  e n v i r o n m e n t .  T h e  
c o n c e n t r a t i o n - d e p t h  p r o f i l e s  o f  t h e  o c t a h y d r o c h r y s e n e  and  t h e  
t e t r a h y d r o c h r y s e n e  d e r i v a t i v e s  a l s o  s u g g e s t  an  in. s i t u  p r o d u c t i o n  and  
may r e q u i r e  a  r e d u c i n g  env i ronm ent .  R e l a t i v e l y  h ig h  c o n c e n t r a t i o n s  o f  
t h e s e  compounds a t  s t a t i o n  P3 s u g g e s t s  t h a t  t h e  KPPME i s  a l i k e l y  source  
f o r  t h e i r  p r e c u r s o r ( s ) .
11) The p r e s e n c e  o f  r e t e n e  i n  s e d i m e n t  s a m p l e s  s u g g e s t s  t h a t  
d i a g e n e s i s  o f  r e s i n  a c i d s  i s  o c c u r r i n g  a f t e r  d i s c h a r g e .  The p re s e n c e  
o f  r e t e n e ,  f i c h t e l i t e ,  d e h y d r o a b i e t i n ,  and 1 , 2 , 3 , 4 - t e t r a h y d r o r e t e n e  i n  
t h e  s e d i m e n t  t a k e n  f r o m  s t a t i o n  MR s u p p o r t s  t h e  d e g r a d a t i o n  pathway 
proposed  by Wakeham e t  a l .  (1980) .  I n  t h i s  sample r e t e n e  was f o u n d  t o  
be  p r e d o m i n a n t  a t  a  c o n c e n t r a t i o n  o f  380 n g /g  d ry  sed im en t .  However, 
r e t e n e  was found to  be a  minor component i n  t h e  two s a m p l e s  c o l l e c t e d  
from th e  same a r e a  e i g h t e e n  months l a t e r .
143
I t  i s  recommended t h a t :
1)  Due t o  t h e i r  t o x i c i t y  and h i g h  c o n c e n t r a t i o n s ,  r e s i n  a c i d s  
s h o u l d  b e  c o n s i d e r e d  a s  i m p o r t a n t  p a r a m e t e r s  i n  s p e c i f y i n g  t h e  
c h a r a c t e r i s t i c s  o f  KPPME v h i c h  w ou ld  m in im iz e  im pac ts  to  t h e  a q u a t i c  
env i ro nm en t .  The r e s u l t s  o b t a in e d  i n  t h i s  s tudy  s u g g e s t  t h a t  t r a n s p o r t  
o f  s u s p e n d e d  s o l i d s  i s  l i k e l y  t o  be a majo r  f a c t o r  c o n t r o l l i n g  t h e  f a t e  
and d i s t r i b u t i o n  o f  r e s i n  a c i d s  i n  e s t u a r i e s .  T h e r e f o r e ,  s o r p t i o n  
p r o p e r t i e s  o f  r e s i n  a c i d s  on suspended s o l i d s  shou ld  be s t u d i e d  a long  
w i th  t h e  e f f e c t s  o f  s a l i n i t y ,  pH, and t h e  t y p e  o f  s o l i d s  ( c l a y  and 
b i o s o l i d s )  on th e s e  p r o p e r t i e s .
2) R a d io d a t in g  o f  sed im en ts  in  th e  o u t f a l l  a r e a  would be  h e l p f u l  
t o  check t h e  s e d im e n ta t i o n  r a t e  e s t i m a t e d  i n  t h i s  s t u d y .
3)  S ince  s e v e r a l  d i f f e r e n t  p r o c e s s e s  h a v e  b e e n  s u g g e s t e d  t o  be 
r e s p o n s i b l e  f o r  t h e  p resence  o f  r e t e n e  i n  r e c e n t  s ed im en ts ,  l a b o r a t o r y  
e xper im en ts  shou ld  b e  c o n d u c t e d  t o  g a i n  m ore  i n s i g h t  c o n c e r n i n g  t h e  
fo rm a t ion  p r o c e s s  o f  r e t e n e  in  t h e  env i ronm ent.  Two a s p e c t s  t h a t  shou ld  
r e c e i v e  a t t e n t i o n  a r e :
(1 )  Does o x i d a t i o n  f a v o r  in  s i t u  p r o d u c t i o n  o f  r e t e n e ?
( 2 )  I s  p r o d u c t i o n  o f  r e t e n e  a r e s u l t  o f  m i c r o d e g r a d a t i o n
p ro c e s s ?
4 )  The d i s t r i b u t i o n  p r o f i l e s  o f  h y d r o c h r y s e n e  d e r i v a t i v e s  
o b s e r v e d  i n  t h i s  s tu d y  sugges t  t h a t  the  KPPME may be a  source  f o r  th e s e  
compounds. T h e r e f o re ,  a n a l y s i s  o f  KPPME f o r  t h e i r  p o s s i b l e  p r e c u r s o r s  
w o u l d  be  u s e f u l  i n  u n d e r s t a n d i n g  t h e  p r o d u c t i o n  p r o c e s s  f o r  t h e s e  
compounds.
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APPENDIX I
Chemical S t r u c t u r e s  o f  th e  Compounds
" COOH COOH COOH
C20H30°2 -  302 C20H30°2 “  302 C20H30°2 "  302
L evop im aric  a c id P a l u s t r i c  a c id N e o a b ie t ic  a c i d
COOH COOH
N.
COOH
A4 A5 A6
C20H32°2 = 304 C20H26°3 = 314 C20H26°2 " 298
1 3 -A b ie te n -1 8 -o ic  
a c id
7 -K e to d e h y d ro a b ie t ic
a c id
6 , 8 , 1 1 , 1 3 -A b ie ta te -  
t r a e n - 1 8 - o i c  a c id
COOH COOH
A8
COOH
A9
C20H30°2 * 302 C20H30°2 -  302 C20H30°2 "  302
S e c o d e h y d ro a b ie t ic  
a c id
8 , 15-P im arad iene-18- 
o i c  a c id
8 ,1 5 -1 sop im arad iene -  
1 8 -o ic  a c id
F ig u re  A l . l  D i te rp e n e  r e s i n  a c id s  , th e  numbering and s y s t e m a t ic  nom encla tu re  
fo l lo w  th o s e  used  by Rowe e t  a l .  (1 9 6 9 ) .
Sandaracopimaradiene Isopimaradiene Fichtelite
d o
B4 B5
C18H18 * 234 °19H28 ’  256
R etene Dehydro ab i  e t  in
B7 B8
C20H30 270 C19H24 "  252
D ehydroab ie tane S im o n e l l i t e
C18H22 = 238
, 2 , 3 ,4 -T e t r a h y d ro re te n e
F ig u re  A l.2  D ite rp e n e  h y d ro c a rb o n s ,  th e  numbering and nom en c la tu re  
fo l lo w  th o s e  used f o r  p henan th rene  s t r u c t u r e .
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C1: C22H28 = 292 C2: C22H28 = 292
Isom er o f  C2 o r  C3 3 , 4 ,7 ,1 2  a -T e t  r a m e th y l -1 ,2  ,3 ,4 ,  
1 1 , 1 2 , 1 2 a -o c tah y d ro ch ry sen e
C3: C22H2g = 292
3 , 3 , 7 , 1 2 a - T e t r a m e th y l - l , 2 , 3 , 4 ,4a- 
1 1 ,1 2 ,1 2 a-o c tah y d ro ch ry sen e
C4: C21H22 = 2 7 4
3 , 4 , 7 - T r i m e t h y l - l , 2 , 3 , 4 - t e t r a  
hyd ro ch ry sen e
C5: C21H22 = 274 C6: C21H22 274
3 , 3 , 7 - T r im e th y l - l , 2 , 3 , 4 - t e t r a  
h y d roch rysene
HO
C7 426'30 50
l - M e th y l i s o p r o p y l - 7 , 8 -c y c lo  
pen ten o p h en an th ren e
HO
C8: C30H50° = 426
8 -Amyrin a -Amyrin
4 a -
F ig u re  A1.3 T r i t e r p e n e  hyd ro ca rb o n s  and t h e i r  p o s s i b l e  p r e c u r s o r s .
APPENDIX II
R e c o n s t ru c t e d  Gas Chromatograms o f  Res in  Acids  F r a c t i o n s  
of  th e  KPPME and Sediment Samples and Mass S p e c t r a  
o f  t h e  Major R es in  Acids
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(a)
S ta n d a rd s
(b)
KPPME
3se3 0 0
Sediment
1 5 0
F ig u re  A2.1 R e c o n s t ru c te d  chromatograms o f  r e s i n  a c i d s .
(a )  . . .  r e s i n  a c id  s t a n d a r d s ;  (b) . . .  th e  r e s i n  a c id  
f r a c t i o n s  o f  th e  KPPME; (c )  . . .  th e  r e s i n  a c id  f r a c t i o n s  
o f  sed im ent sam ples; where th e  f r a g m e n ta t io n  of t h e  
compounds in d i c a te d  by a rrow s  a r e  g iven  in  Table 3 .1 .
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Figure A2.2 Mass spectra of methyl pimarate.
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Figure A2.3 Mass spectra of methyl sandaracopimarate.
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Figure A2.4 m;iss spectra of methyl isopimarate.
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Figure A2.5 Mass spectra of methyl dehydroabietate.
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Figure A2.6 Mass spectra of methyl abietate.
APPENDIX III
Chemical  R e a c t io n  Schemes o f  R e s in  Acids
C0011
C001I
COOH
OH
COOH
COOH
OH
OH
COOH
Fig u re  A3.1 O x id a t io n  o f  a b i e t i c  a c id  by a tm o sp h e r ic  oxygen (Enos e t  a l . ,  
1963) .
OOH
OH OH
OOH
F igu re  A3.2 Oxydation o f  methyl d e h y d r o a b ie ta t e  by m o le c u la r  oxygen 
( R i t c h ie  e t  a l . ,  1953).
"COOH
L evopim aric  a c id
'tOOII
P a l u s t r i c  a c id
COOH
'tO  OH
NCOOH
H
N e o a b ie t ic  .ac id
A b i e t i c  ac id
F ig u re  A3.3 I s o m e r iz a t io n  o f  r e s i n  a c id s  (Lawrence, 1962)
-H
270 C 
P a r t i a lCOOH 'tOOH
-H
330 C 
Complete
A b ie t i c - ty p e  a c id D e h y d ro a b ie t ic  a c id Retene
x COOH
F im a r ic - ty p e  a c id  
t h r e e  p robab le
x COOH 
D ihydrop im aric  a c id
Complete
P im anthrene
F ig u re  A3.4 D ehydrogenation  o f  r e s in  a c id s  (Enos e t  a l . ,  1963)
APPENDIX IV
Method Development
A) GC A n a ly s is  o f  R e s in  Acid S tan d a rd s  
At t h e  b eg in n in g  o f  th e  s tu d y ,  a c id  compounds were an a ly se d  by GC 
as  f r e e  a c i d s .  The r e p r o d u c i b i l i t i e s  o f  th e  GC re sp o n s e s  w ere  fo u n d  to  
be  > 90% ( T a b l e  A 4 . 1 ) .  However, i t  was ob se rv ed  t h a t  th e  m agnitude o f  
t h e  r e s p o n s e s  v a r i e d  g r e a t l y  w i t h  t h e  c o n d i t i o n  o f  t h e  c o l u m n .  
T h e r e f o r e ,  i n  l a t e r  w o rk ,  t h e  a c i d  compounds w ere  an a ly zed  as  t h e i r  
m e thy l e s t e r s .  The r e s u l t i n g  r e p r o d u c i b i l i t i e s  o f  th e  GC r e s p o n s e s  f o r  
t h e  s t a n d a r d  m e th y l  e s t e r s  i n j e c t e d  on th e  same day was found to  be > 
80% (T ab le  A 4 .1 ) .  I t  was a l s o  observed  t h a t  t h e  l i f e t i m e  o f  th e  columns 
u s e d  t o  a n a ly z e  a c id  e s t e r s  was r e l a t i v e l y  s h o r t  compared to  th o se  used 
to  a n a ly z e  a l i p h a t i c  and a ro m a tic  h y d ro ca rb o n s .  Column p e r fo rm a n c e  f o r  
r e s i n  a c i d  a n a l y s i s  was r o u t i n e l y  checked by th e  s e p a r a t i o n  o f  m e thy l 
a r a c h id a t e  and m ethy l d e h y d r o a b i e ta t e . When s e v e re  " t a i l i n g "  o c c u r r e d ,  
t h e  co lum n w as r e p a i r e d  by b r e a k i n g  o f f  2 -3  c o i l s  ( a p p r o x i m a t e l y  1 
m e te r )  from th e  f r o n t  end a n d /o r  r e v e r s in g  the  f r o n t  and th e  r e a r  e n d s .  
The r e l a t i v e  r e t e n t i o n  tim e and r e l a t i v e  re sp o n se  f a c t o r  d a t a  c o l l e c t e d  
over  1 y e a r  a r e  shown in  T ab les  A4.2 and A 4.3 , r e s p e c t i v e l y .
B e c a u s e  o f  t h e  r e l a t i v e l y  low GC re sp o n se  to  m ethy l a b i e t a t e  and 
th e  w ide ra n g e  o f  re s p o n s e s  f o r  n e o a b i e t a t e  i n  day  to  d ay  i n j e c t i o n s ,  
s e v e r a l  i n v e s t i g a t i o n s  w e re  c a r r i e d  o u t  to  p in p o in t  th e  c a u s e .  F iv e  
m ajor f a c t o r s  t h a t  cou ld  have some e f f e c t  on th e  GC re s p o n se s  a r e :  ( 1 )
p u r i t i e s  o f  r e s i n  a c i d  s t a n d a r d s ,  ( 2 ) r e p r o d u c i b i l i t y  o f  th e  s ta n d a r d  
p r e p a r a t i o n ,  (3 )  l i n e a r i t y  o f  t h e  GC r e s p o n s e  f o r  r e s i n  a c i d  m e th y l
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Table A4.1 R e p r o d u c i b i l i t y  i n  GC Responses o f  R es in  Acid S tan d a rd s
I n j e c t e d  on th e  Same Day.
C o n c e n t ra t io n  i n  mg/L 
P im a ric  Sandaraco Isopim a Dehydro A b ie t i c  Neoabie
p im ar ic  r i c  a b i e t i c  t i c
As f r e e  a c id  ( t h e  same column, S tan d a rd  MIX IT)
Mean(n=4) 60+1.2 25+1 70+5.6 80+2.2 83+2.2 63+1.8
Range 58-61 24-26 65-78 78-83 81-86 62-65
%RSD +2 +4 + 8  +3 +3 +3
As m ethy l e s t e r s  (GC ch an n e l  0 ,  S tan d a rd  SRA1)
Mean(n=4) 32+2.3 8+0.6 28+2.7 40+3 .4  42+2.1 32+4.2
Range 29-35 7 -8 .5  24-30 36-43 39-45 26-36
%RSD + 7  + 8  + 1 0  +9 + 5  +13
As m e thy l e s t e r s  (GC ch a n n e l  0 ,  S tan d a rd  SRA3)
Mean(n=7) 40+0.9 20+0.6 40+0.9  40+ 1 .4  40+1.1 40+1.7
Range 39-41 20-21 39-41 38-42 39-41 26-36
%RSD +2 +3 +2 +3 +3 +4
As m e thy l e s t e r s  (GC ch a n n e l  1 ,  S tan d a rd  SRA1)
Mean(n“4) 32+1.9 8+0.6 28+2.0 40+2.9 42+2.8 32+1.8
Range 30-35 7-9 25-30 36-43 38-45 29-34
%RSD + 6  + 8  +7 +7 +7 + 6
As m ethy l e s t e r s  (GC c h a n n e l  1 ,  S tan d a rd  SRA3)
Mean(n=7) 40+2.2 20+1,3 40+7.0 40+4.8  40+2.7 40+3.2
Range 36-42 18-21 32-53 35-49 35-43 34-43
%RSD + 6  + 6  +18 +12 +7 + 8
A b ie t i c  a c id  m ethy l e s t e r  (GC ch an n e l  0)
Mean(n=8 ) -  80+.7.1
Range -  74-88
%RSD -  -  -  +9
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T ab le  A4.3 Response F a c to r  (Fc) o f  R es in  A cid  S tan d a rd s  
(M ethyl E s t e r s )  R e l a t i v e  to  M ethyl P im a ra te .
S tan
dard
Age
day
SRA1 158
R e s u l t  R e l a t i v e  r e s p o n se  f a c t o r
Sandaraco Isopim a Dehydro A b ie t i c  Neoabie
p im a r ic  r i c  a b i e t i c  t i c
Mean(n=30) 0 .69  0 .69  0 .91  4 .5  2 .6
SD +0.04  +0.06 +0 .04  + 1 .4  +1.3
ZRSD +5.7 +8.7  +4.6  +32 +51
SRA2 15 Mean(n=4)
SD
ZRSD
0 .9 4
+0.01
+0.5
0 .77
+0.01
+1.2
0 .95
+0.01
+1.0
3 .4
+0.13
+3.8
2 .4
+0.13
+5.5
SRA3 99 Mean(n=28)
SD
ZRSD
0.81
+0.03
+3.2
0 .7 4
+0.01
± 1 .3
0 .88
+0.03
+3.2
3 .0
+0.03
+10
1.9
+0.57
+30
SRA4 86 Mean(n=18)
SD
ZRSD
0 .8 4
+0.02
+2.4
0.76
+0.01
±1-5
0 .88
+0.02
+2.0
3 .0
+0.43
+14
1 .9
+1.0
+52
ME£N'
ZRSD1
a(n=78)
*
0 .7 8
+0.08
+10
0 .72
+0.05
+6.6
0 .89
+0.04
+4.3
3 .6
+1.2
+32
2 .1
+1.0
+44
Fc r e p o r te d  by o th e r  i n v e s t i g a t o r s  f o r  h ig h ly  p u r i f i e d  s ta n d a rd s
Mean^
Mean
Mean(3-10 n g ) e 
Mean(26-500 n g ) e
1.03 1.00 1.09 1.15 1.32
1.03 0.99 0 .99 1 .08 1.12
1.00 0.97 0 .99 0 .99 -
1.00 1.00 1.00 1.02 -
N o tes :  a  = av e ra g e  v a lu e  from a l l  s t a n d a r d s ;  b = s ta n d a rd  
d e v i a t i o n  o f  a l l  s t a n d a r d s ;  c °  r e l a t i v e  s ta n d a rd  d e v i a t i o n  o f  
a l l  s t a n d a r d s ;  d = Z in k e l  and E n g le r  (197 7 ) ;  e = F o s t e r  and 
Z in k e l  (1 9 8 2 ) .
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e s t e r s ,  ( 4 )  s t a b i l i t i e s  o f  t h e  r e s i n  a c i d  m e th y l  e s t e r s ,  a n d  ( 5 )  
i n j e c t o r  c o n d i t io n s .
The p u r i t y  o f  r e s i n  a c i d  s ta n d a rd s  (T a b le  A4.4) was d e t e r m in e d  by 
u s in g  th e  i n t e g r a t e d  peak a r e a s  o b ta in e d  from th e  a n a l y s i s  o f  i n d i v id u a l  
r e s i n  a c i d s .  I t  shou ld  be n o t e d  t h a t  f o r  t h e  same am o u n ts  o f  s a m p le  
i n j e c t e d ,  th e  t o t a l  i n t e g r a t e d  peak a r e a  o f  a b i e t a t e  i s  much lower th a n  
th o se  o f  o th e r  r e s i n  a c i d s .  The r e l a t i v e l y  low p u r i t i e s  o f  a b i e t i c  a c id  
(76% p u r e )  and  n e o a b i e t i c  a c id  (49% pure)  compared to  th o s e  in  p im a r ic  
a c id  (89% p u r e ) ,  s a n d a raco p im ar ic  a c id  (89% p u r e ) ,  i s o p im a r ic  a c i d  (97% 
p u r e )  , an d  d e h y d ro a b ie t i c  a c id  (96% p u re)  a r e  no t  s u r p r i s i n g  because  o f  
th e  e a se  o f  o x id a t io n  o f  c o n j u g a te d  d i e n e s  (E n o s  e t  a l . ,  1 9 6 3 ) .  The 
r e p r o d u c i b i l i t y  o f  th e  s ta n d a rd  p r e p a r a t i o n  was e s t im a te d  from th e  mean 
r e l a t i v e  r e s p o n s e  f a c t o r  o f  s a n d a r a c o p i m a r a t e , i s o p i m a r a t e ,  a n d  
d e h y d r o a b i e t a t e  r e l a t i v e  t o  p i m a r a t e  o b t a i n e d  f ro m  f o u r  d i f f e r e n t  
s ta n d a rd s  u t i l i z e d  in  th iB  s tu d y  and was found to  be a p p ro x im a te ly  90%. 
The l i n e a r i t y  o f  t h e  GC r e s p o n s e  t o  r e s i n  a c i d  m e th y l  e s t e r s  was 
e v a lu a te d  f o r  a c o n c e n t r a t i o n  range  o f  0-120 ng s a n d a r a c o p i m a r i c  a c i d ,  
0 -2 4 0  n g  p i m a r i c  a c i d ,  i s o p im a r ic  a c i d  and d e h y d r o a b ie t i c  a c i d ,  and 0 -  
480 ng a b i e t i c  a c i d .  The r e s u l t s  shown in  F i g u r e s  A 4 .1  ( a ) ,  ( b ) ,  and  
( c )  i n d i c a t e  l i n e a r i t y  o f  th e  GC r e s p o n s e s . '
S t a b i l i t i e s  o f  r e s i n  a c i d  m e th y l  e s t e r s  w e re  d e t e r m in e d  u s i n g  
i n t e g r a t e d  p e a k  a r e a s  which were no rm alized  to  t h a t  o f  p im a ra te  i n  th e  
same s ta n d a rd  m ix tu r e ,  assuming t h a t  t h e r e  i s  no change in  c o n c e n t r a t i o n  
o f  p i m a r a t e .  The n o r m a l i z e d  i n t e g r a t e d  peak  a r e a s  o b ta in e d  from each  
i n j e c t i o n  were th e n  p l o t t e d  v e r s u s  age o f  t h e  s t a n d a r d s  t o  d e t e c t  any  
changes i n  th e  c o n c e n t r a t i o n  o f  r e s i n  a c id  m ethy l e s t e r s  in  th e  B tandard
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FIGURE H 4 . 1  LINEARITY OF RESIN ACID METHYL ESTER STANDARDS,
iA) SRAS NEHLY PREPARED STANDARD INJECTED INTO GC 1, 
IB) SRA5 NEHLY PREPARED STANDARD INJECTED INTO GC 2. 
tC) METHYL ABIETRTE STANDARD INJECTED INTO GC1.
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m i x tu r e *  The r e s u l t s  ( F i g u r e  A 4 .2 )  show  t h a t  m e t h y l  p i m a r a t e ,  
s a n d a ra c o p im a ra te ,  i s o p im a r a te ,  and d e h y d ro a b ie ta t e  a re  s t a b l e  enough to  
b e  u s e d  a s  s t a n d a r d s  f o r  q u a n t i t a t i o n .  A r a p i d  d e c r e a s e  i n  t h e  
n o r m a l i z e d  i n t e g r a t e d  peak a r e a  o f  n e o a b i e t a t e  w ith  ag e ,  e s p e c i a l l y  in  
t h e  f i r s t  few days ,  i n d i c a t e s  i n s t a b i l i t y  o f  t h i s  compound. T h e r e f o r e ,  
i t  s h o u l d  n o t  be  u s e d  a s  a  q u a n t i t a t i v e  s t a n d a r d .  The n o r m a l i z e d  
i n t e g r a t e d  peak a r e a  o f  m ethy l a b i e t a t e  a l s o  show s a d e c r e a s i n g  t r e n d  
w i th  age b u t  a t  a much s low er r a t e  th a n  t h a t  o f  n e o a b i e t a t e .
Reducing th e  i n j e c t o r  t e m p e r a t u r e  t o  190°C r e s u l t e d  i n  a lo w e r  
re s p o n s e  to  a b i e t a t e .  I n j e c t i n g  th e  s ta n d a rd  i n t o  an on-colum n i n j e c t o r  
on a  V arian  3700 Gas C hro m a to g rap h ,  r e s u l t e d  i n  s i m i l a r  r e s p o n s e s  t o  
th o s e  o b ta in e d  from th e  e v a p o r iz in g  i n j e c t o r  used  in  t h i s  s tu d y .
I t  can be c o n c lu d e d  t h a t  i m p u r i t i e s  i n  n e o a b i e t i c  a c i d  and an  
i n s t a b i l i t y  o f  i t s  m e th y l  e s t e r  may a c c o u n t  f o r  i t s  low re sp o n se  and 
h ig h  v a r i a b i l i t y .  The r e l a t i v e l y  low GC r e s p o n s e  o f  m e th y l  a b i e t a t e  
com pared  t o  o t h e r  r e s i n  a c i d  s t a n d a r d s  i s  l i k e l y  to  be th e  r e s u l t  o f  
i m p u r i t i e s  in  th e  s ta n d a rd  which a r e  p e rhaps  to o  p o la r  to  be an a ly zed  by 
t h e  GC te c h n iq u e  u sed  in  t h i s  s tu d y .  Form ation  o f  a complex m ix tu re  o f  
o x id a t io n  p ro d u c ts  were r e p o r t e d  d u r i n g  t h e  a i r  o x i d a t i o n  o f  a b i e t i c  
a c i d  (Enos e t  a l . ,  1963),
B) M e th y la t io n  o f  R esin  A cids 
Due t o  t h e  r a p i d  d e g r a d a t i o n  o f  th e  columns when a n a ly z in g  f r e e  
compounds, m e th y la t io n  was needed to  reduce  t h e i r  p o l a r i t i e s .  I n  t h i s  
s t u d y ,  on colum n m e t h y l a t i o n  w i t h  M e th E lu th  (P ie c e  Chemical Co.) was 
t r i e d  bu t  d is c a rd e d  due to  c o n ta m in a t io n s  and  i n t e r f e r e n c e  by s o l v e n t
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peak  o f  t h i s  r e a g e n t .  To p r o d u c e  a r e s u l t  c o m p a t i b l e  w i t h  t h o s e  o f  
p r e v i o u s  s t u d i e s ,  m e th y la t io n  w i th  d iazom ethane was ad o p ted .  T races  o f  
m e thy lene  c h l o r i d e  i n  th e  sam p le  w ere  e l i m i n a t e d  b e f o r e  m e t h y l a t i o n .  
T h i s  was d o n e  b e c a u s e  t h e  p r e s e n c e  o f  m ethy lene c h l o r i d e  was found to  
p roduce  a r t i f a c t s  o f  c h l o r i n a t e d  compounds ( L i n  e t  a l . ,  1 9 7 9 ) .  The 
p r e s e n c e  o f  to lu e n e  and t r a c e s  o f  w a te r  in  th e  samples a n a ly z e d  in  t h i s  
s tu d y ,  however, were n o t  found  t o  h a v e  any  e f f e c t  on t h e  m e t h y l a t i o n  
w i th  d iazom ethane .
C) P r e l im in a ry  A n a ly s is  o f  E s tu a r in e  W ater Samples 
T h r e e  e x t r a c t i o n  m e t h o d s  w e r e  t r i e d .  T h ey  w e r e  c o lu m n  
c h ro m a to g ra p h y  u s i n g  XAD-2 r e s i n  f o l l o w i n g  a p r o c e d u r e  u s e d  by Fox 
( 1 9 7 7 ) ,  s o l i d - l i q u i d  e x t r a c t i o n  u s i n g  XAD-2 r e s i n ,  and l i q u i d - l i q u i d  
e x t r a c t i o n  w i t h  m e th y le n e  c h l o r i d e  u s i n g  a c l e a n  s o l v e n t  b o t t l e .  
B e c a u s e  o f  in c o n v en ien c e  and problem s w i th  c o n ta m in a t io n ,  th e  f i r s t  two 
m e th o d s  w e re  d i s c a r d e d .  The l i q u i d - l i q u i d  e x t r a c t i o n  m e th o d  w i t h  
m e t h y l e n e  c h l o r i d e  w as  a d o p t e d  f o r  u s e  i n  t h e  s t u d y .  H ow ever,  
d e h y d r o a b ie t i c  a c id  ( a s  f r e e  a c id )  was fo u n d  t o  c o e l u t e  w i t h  a n o t h e r ,  
m o r e  a b u n d a n t  com pound w hose m ass  s p e c t r u m  i s  s i m i l a r  t o  t h a t  o f  
p u b l i s h e d  d a t a  f o r  t r i b u t o x y e t h y l  p h o s p h a t e  ( W i l l i a m s  e t  a l . ,  1 9 8 1 ) .  
T h e s e  two com pounds w e re  s e p a r a t e d  f ro m  e a c h  o t h e r  by a n  a l k a l i n e  
p a r t i t i o n i n g  e x t r a c t i o n .  T h e r e f o r e ,  an  a l k a l i n e  p a r t i t i o n i n g  i s  
n e c e s s a r y  a l t h o u g h  i t  r e s u l t s  i n  an a p p ro x im a te ly  30% r e d u c t io n  in  th e  
r e c o v e r i e s  o f  p im a r ic  a c i d ,  san d a ra c o p im a r ic  a c i d ,  i s o p im a r ic  a c i d ,  and  
d e h y d r o a b i e t i c  a c i d  a n d  i n  t h e  d e g r a d a t i o n  o f  a b i e t i c  a c i d  and  
n e o a b i e t i c  a c i d .  A c id  com pounds i n  t h e  r i v e r  w a t e r  s a m p le s  i n  t h i s  
s t u d y  w e r e  a n a l y z e d  a s  f r e e  a c i d s  b e c a u s e  d u r i n g  t h a t  t im e  t h e
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a d s o r p t i o n  o f  a c i d  compounds by t h e  co lum ns  h ad  n o t  b e e n  o b s e r v e d .  
However, s e l e c te d  samples were m e th y la te d  and re a n a ly z e d  by GC as m ethyl 
e s t e r s .
The c o n c e n t r a t i o n s  o f  a l i p h a t i c  and  a ro m a tic  hydrocarbons  were 
found to  be v e ry  low in  th e  s a m p le ,  t h e r e f o r e ,  t h e  p r e s e n c e  o f  t h e s e  
compounds in  th e  r i v e r  w a te r  samples were n o t  de te rm in ed .
D) P r e l im in a ry  A n a ly s is  o f  Sediment Samples 
S in c e  s t a t i o n  P2 was th o u g h t to  be lo c a te d  n e a r  th e  o u t f a l l ,  th e  
sed im en ts  taken  from t h i s  s t a t i o n  w e re  u s e d  i n  d e v e l o p i n g  a s u i t a b l e  
m e th o d .  T h re e  d i f f e r e n t  m e th o d s  t o  e x t r a c t  r e s i n  a c id s  from sedim ent 
ta k en  from s t a t i o n  P2 were t r i e d .  The methods w ere :
1) Wet e x t r a c t i o n :  I n  t h i s  method wet sedim ent was e x t r a c t e d
w ith  a c e to n e  fo llo w ed  by a  l i q u i d - l i q u i d  e x t r a c t i o n  of th e  c o n c e n t r a t e d  
w et s l u r r y  w i th  m ethy lene  c h l o r i d e .  The m e thy lene  c h lo r id e  e x t r a c t  was 
th e n  s e p a ra te d  on a s i l i c a  g e l  column fo l lo w in g  th e  p ro ced u re  d e s c r i b e d  
in  C hap ter  2 excep t t h a t  th e  fo l lo w in g  e l u t i o n  scheme was u sed .
 15 ml hexane— r e f e r r e d  to  as  th e  f r a c t i o n  Fl
 30 ml 40 :60  ( v :v )  benzene-hexane  ----- f r a c t i o n  F2
 15 ml 9 4 :5 :1  ( v :v : v )  m e thy lene  c h l o r i d e - e t h y l  e t h e r - r a e t h a n o l
— f r a c t i o n  F3
 30 ml 9 4 : 5 : 1  m e th y le n e  c h l o r i d e - e t h y l  e t h e r - m e t h a n o l  —
f r a c t i o n  F4
 15 ml m ethano l ------  f r a c t i o n  F5
Two s a m p l e s  ( s a m p l e s  WS2 and  WS2SP) w e re  a n a l y z e d  by t h i s  m e th o d .  
D e h y d ro a b ie t ic  a c id  was added to  sample WS2SP to  d e t e r m i n e  r e c o v e r y  by 
th e  method.
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(2 )  Dry e x t r a c t i o n  w ith  s i l i c a  g e l :  In  t h i s  m e th o d  d ry  s e d im e n t  
was e x t r a c t e d  w i t h  m e th y le n e  c h l o r i d e  f o l l o w e d  by s i l i c a  g e l  column 
chrom atography as m entioned  a b o v e .  Sam ple  DS2K w as a n a l y z e d  by t h i s  
method.
(3 )  Dry e x t r a c t i o n  w ith  a l k a l i n e  p a r t i t i o n i n g :  In  t h i s  method dry  
s e d im e n t  was e x t r a c t e d  w i t h  m e th y le n e  c h l o r i d e  f o l lo w e d  by a l k a l i n e  
p a r t i t i o n i n g .  Sample DS2 was an a ly zed  by t h i s  m ethod.
R e s i n  a c i d s  w ere  found in  f r a c t i o n  F4 o f  th e  samples WS2, WS2SP, 
and DS2K. I d e n t i f i c a t i o n s  o f  t h e s e  compounds w e re  made by c o m p a r in g  
r e t e n t i o n  t i m e s  t o  t h o s e  o f  a u t h e n t i c  s ta n d a rd s  ( a s  f r e e  a c i d s ) .  The 
mass spectrum  o f  d e h y d ro a b ie t i c  a c id  in  sample DS2K was q u i t e  s im i l a r  to  
t h a t  o f  t h e  a u t h e n t i c  s ta n d a rd  excep t f o r  a  few e x t r a  f ra g m e n ts .  This  
was th o u g h t to  be due to  c o e lu t io n  w ith  o t h e r  com pounds .  R e c o v e ry  o f  
d e h y d r o a b ie t i c  a c id  by th e  wet e x t r a c t i o n  method was found to  be 943L A 
m ix tu re  o f  r e s i n  a c i d ,  f a t t y  a c i d ,  a l i p h a t i c  h y d ro c a rb o n ,  and  a r o m a t i c  
h y d r o c a r b o n  s t a n d a r d s  ( s a m p le  STD) was s u b je c te d  to  s i l i c a  g e l  column 
chrom atography fo l lo w in g  th e  same p r o c e d u r e .  The a c i d  compounds w ere  
fo u n d  i n  f r a c t i o n  F5 in s te a d  o f  f r a c t i o n  F4, T h is  s u g g e s ts  t h a t  r e s i n  
a c id s  i n  th e  sam p les  may n o t  p r e s e n t  i n  f r e e  a c i d  fo rm s  o r  t h a t  t h e  
p re se n c e  o f  the  o t h e r  compounds a f f e c t s  th e  e l u t i o n  sequence .
The r e s u l t s  o b ta in e d  from  a n a l y z i n g  sam p le  DS2 u s i n g  t h e  t h i r d  
e x t r a c t i o n  m e thod  showed a  s m a l l  am ount o f  th e  a c id  compounds in  th e  
a c i d  f r a c t i o n .  T h is  seems to  s u p p o r t  t h e  above  c o n c l u s i o n  t h a t  r e s i n  
a c i d s  i n  t h e  s a m p l e s  a r e  n o t  p r e s e n t  i n  fo rm  o f  f r e e  a c i d s .  The 
a l k a l i n e  p a r t i t i o n i n g  method was found to  re c o v e r  88% o f  t h e  f r e e  r e s i n  
a c i d s .  The samples ta k en  from s t a t i o n s  P3 and P4 (sam p les  DS3 and DS4) 
w ere a l s o  a n a ly se d  u s in g  th e  t h i r d  e x t r a c t i o n  method as was s a m p le  DS2.
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C o n c e n t r a t i o n s  o f  d e h y d r o a b ie t i c  a c id  in  th e  a c id  f r a c t i o n s  were found 
to  be 4 jjig/g d ry  sed im ent a t  s t a t i o n  P3 and  1 ,3  jug /g  d ry  s e d im e n t  a t  
s t a t i o n  P 2 . The i d e n t i f i c a t i o n  o f  d e h y d ro a b ie t i c  a c id  was confirm ed  by 
GC-MS (sam ple  DS3).
Due t o  t h e  c o m p l e x i t y  o f  t h e  g a s  chromatograms o f  f r a c t i o n  F4, 
a l k a l i n e  p a r t i t i o n i n g  was s e l e c t e d  f o r  u se  i n  t h i s  s t u d y .  I n  o r d e r  t o  
e n s u r e  t h e  i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  th e  r e s i n  a c i d s ,  r e s i n  
a c i d s  were i s o l a t e d  from f a t t y  a c id s  u s in g  a  s e l e c t i v e  m e t h y l a t i o n  w i th  
2% s u l f u r i c  a c i d - m e t h a n o l . S in c e  r e s i n  a c i d s  a r e  more d i f f i c u l t  to  
m e t h y l a t e  t h a n  f a t t y  a c i d s  d u e  to  s t e r i c  h i n d r a n c e ,  t h e y  c a n  be  
s e p a r a t e d  by e x t r a c t i n g  w i th  sodium h y d ro x id e .  To de te rm ine  a p ro p e r  
t i m e  f o r  t h e  s e l e c t i v e  m e t h y l a t i o n ,  a  s t a n d a r d  s o l u t i o n  o f  
d e h y d r o a b i e t i c  a c i d  i n  a  t e s t  tube  was h e a te d  a t  50°C f o r  30 m in u te s ,
60 m in u te s ,  and o v e r n ig h t .  The e f f e c t s  o f  h e a t i n g  t im e  on s e l e c t i v e  
m e th y la t io n  o f  d e h y d ro a b ie t i c  a c id  a re  g iv e n  in  Table A 4 .5 .
Table  A4.5 E f f e c t  o f  H ea ting  Time on S e l e c t i v e  M e th y la t io n  
o f  D e h y d ro a b ie t ic  A c id .
H ea ting  tim e % Recovery o f  d e h y d r o a b ie t i c  a c id
m inu tes  R es in  a c id  f r a c t i o n  M e -fa t ty  e s t e r  f r a c t i o n
30 83 no t  d e t e c te d
60 75 n o t  d e t e c te d
o v e rn ig h t  40 30
The d e c r e a s e  i n  th e  p e r c e n t  re c o v e ry  of d e h y d ro a b ie t i c  a c id  w ith  
in c r e a s in g  h e a t in g  tim e in  th e  r e s i n  a c id  f r a c t i o n  i s  perhaps  due  to  an  
i n c r e a s e  i n  t h e  p a r t i a l  m e t h y l a t i o n  o f  th e  r e s i n  a c i d s  by 2% s u l f u r i c  
a c id -m e th a n o l .  A h e a t in g  t im e  o f  30 m i n u t e s  was s e l e c t e d  f o r  u s e  i n  
t h i s  s tu d y .
S e v e ra l  i n v e s t i g a t i o n s  were c o n d u c ted  t o  im p ro v e  t h e  e x t r a c t i n g  
e f f i c i e n c y  o f  t h e  m e thod  and  t o  i n v e s t i g a t e  th e  p ro b a b le  f a c t o r s  t h a t  
cou ld  a f f e c t  th e  d i s t r i b u t i o n  o f  r e s i n  a c i d s .  T h e se  i n v e s t i g a t i o n s  
i n c l u d e d  t h e  c h o i c e  o f  t h e  e x t r a c t i n g  s o lv e n t  and th e  c o n c e n t r a t i o n -  
s t a t i o n  p r o f i l e s  of r e s i n  a c id s  o b ta in e d  from wet e x t r a c t i o n  m e th o d  and 
from d ry  e x t r a c t i o n  o f  f i n e  g r a i n  s e d im e n ts .
C h o ic e  o f  t h e  E x t r a c t i n g  S o l v e n t :  T h r e e  s o l v e n t  s y s t e m s :
m e th y le n e  c h l o r i d e ,  2 :1  ( v :v )  m e thy lene  c h lo r id e -m e th a n o l ,  and a c e to n e  
w ere  t r i e d  u s i n g  t h e  s e d im e n t s  f ro m  s t a t i o n  P 4 .  The e x t r a c t i o n  
e f f i c i e n c i e s  a r e  shown in  T ab le  A 4 .6 .
Table A4.6 The E x t r a c t i o n  E f f i c i e n c y .
S o lv en t C o n c e n t ra t io n ,  ug /g  d ry  sed im ent
P im a r ic  I s o p im a r ic  D e h y d ro a b ie t ic
M ethylene c h lo r id e  0 .02  -  0 .9 5
2:1 M ethylene c h lo r id e -m e th a n o l  0 .09  0 .01  0 .95
A cetone -  -  0 .9 4
The 2 :1  m e thy lene  c h lo r id e -m e th a n o l  s o lv e n t  mix was u sed  in  t h i s  s tu d y .
C o n c e n t r a t io n - S t a t i o n  P r o f  i l e _  O b ta i n e d  f ro m  t h e  Wet E x t r a c t i o n  
M e th o d : Wet B ed im en t s a m p le s  were e x t r a c t e d  w ith  a c e to n e  fo llo w ed  by
l i q u i d - l i q u i d  e x t r a c t i o n  o f  th e  c o n c e n t ra te d  wet s l u r r y  w i t h  m e th y le n e  
c h l o r i d e .  The m ethy lene c h l o r i d e  e x t r a c t  was th e n  s u b je c te d  to  a l k a l i n e  
p a r t i t i o n i n g  f o l l o w e d  by GC a n a l y s i s  o f  t h e  a c i d  com pounds a s  f r e e  
a c i d s .  The amount o f  w a te r  in  th e  samples was de te rm ined  by h e a t in g  a t  
110°C o v e rn ig h t  and w e ig h i n g  t h e  d i f f e r e n c e  i n  w e ig h t  o f  t h e  sa m p le  
b e f o r e  and  a f t e r  t h e  h e a t i n g .  The c o n c e n t r a t i o n s  o f  r e s i n  a c id s  a r e  
shown i n  Table A4.7 and were p l o t t e d  (d ry  w eigh t b a s i s )  v e r s u s  s t a t i o n  
i n  F i g u r e  A 4 .3 .  The p r o f i l e  o f  d e h y d ro a b ie t i c  a c id  (and  a b i e t i c  a c id )
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showed a maximum c o n c e n t r a t i o n  a t  s t a t i o n  P3 w h e r e a s  t h o s e  o f  p i m a r i c  
and i s o p im a r ic  showed h ig h  c o n c e n t r a t io n s  a t  s t a t i o n  P2.
C o n c e n t r a t i o n - S t a t io n  P r o f i l e  O btained from Dry E x t r a c t i o n  o f  F ine  
G r a i n  Sed im e n t s :  Dry s e d i m e n t s  o f  f i n e  g r a i n  s i z e  (<  63 jim) f ro m
s e l e c t e d  sample s i t e s  were a n a l y z e d  f o l l o w i n g  t h e  p r o c e d u r e  g i v e n  i n  
C h a p t e r  2 .  The r e s u l t s  ( T a b l e  A 4 .8 )  w e re  p l o t t e d  v e r s u s  s t a t i o n  in  
F ig u re  A 4 .3 . The p r o f i l e  shows maximum c o n c e n t r a t i o n s  a t  s t a t i o n  P 3 . 
B u t  c o n c e n t r a t i o n s  o f  t h e  r e s i n  a c id s  ( e x c e p t  d e h y d r o a b ie t i c  a c i d )  in  
r i v e r  sed im en ts  were r e l a t i v e l y  low com pared t o  t h o s e  fo u n d  i n  c o a r s e  
s e d im e n t  (0 .1 2 5  mm < g r a i n  s i z e  < 1 .0 mm) of th e  same sam ple. C o n tra ry  
to  th e  r i v e r  s e d im e n ts ,  t h e  c o n c e n t r a t i o n s  o f  r e s i n  a c i d s  i n  t h e  f i n e  
g r a i n  f r a c t i o n  o f  s e d im e n ts  from s t a t i o n  MR were ab o u t  80% o f  th o s e  in  
th e  c o a r s e  g r a in  f r a c t i o n  o f  t h e  same s a m p le .  T h e s e  r e s u l t s  s u g g e s t  
t h a t  sedim ent c h a r a c t e r i s t i c s  cou ld  have some e f f e c t  on amounts o f  reB in  
a c i d s  e x t r a c t e d  fro m  s e d i m e n t s .  Low p e r c e n t  r e c o v e r y  o f  r e s i n  a c i d  
s t a n d a r d s  e x c e p t  f o r  d e h y d r o a b ie t i c  a c i d  added in to  th e  sed im ent ta k e n  
from  Nansemond R ive r  (T ab le  2 .6 )  perhaps  a re  due to  t h i s  e f f e c t .  S in c e ,  
t h e  o b j e c t i v e  o f  t h e  r e s e a r c h  was to  i n v e s t i g a t e  t h e  d i s t r i b u t i o n ,  i t  
was d ec id e d  to  m inimize th e  e f f e c t  o f  g r a i n  s i z e  by a n a l y z i n g  a  g i v e n  
p a r t i c l e  s i z e  f r a c t i o n  o f  th e  s e d i m e n t s .  The c o a r s e  g r a in  f r a c t i o n  
ap p e a re d  t o  y i e l d  t h e  h i g h e s t  c o n c e n t r a t i o n s  o f  r e s i n  a c i d s .  T h i s  
f r a c t i o n  was u s e d  t o  r e p r e s e n t  c o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  r e s i n  
a c i d s .  These c o n c e n t r a t i o n s  do n o t  r e p r e s e n t  th e  t o t a l  amount o f  r e s i n  
a c i d s  in  t h e  w hole sed im en t.
I t  shou ld  be  n o te d  t h a t  th e  d i f f e r e n c e s  i n  th e  e x t r a c t i o n  m e th o d s  
a n d  th e  s e d im e n t  c h a r a c t e r i s t i c s  seem t o  h a v e  l i t t l e  e f f e c t  on th e  
e x t r a c t i o n  e f f i c i e n c y  o f  d e h y d ro a b ie t i c  a c i d .
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T ab le  A4.7 C o n c e n t ra t io n s  o f  R es in  A cids  in  Wet Sediments
(Analyzed as F ree  A cids)
S t a t i o n  %Water C o n c e n t ra t io n  in  ; ig /g  d r y  sed im ent
P im a r ic  Sandaraco Isopim a Dehydroa A b ie t i c  T o ta l  
p im a r ic  r i c  b i e t i c
PI 69 0 .26 nd 0.13 0 .42 0 .0 4 0.85
P2 71 2 .3 0 .3 8 1 .9 3 .9 0 .6 0 9 .1
P3 73 1 .4 0 .22 1.5 5 .7 1 .0 9 .8
P4 63 0 .27 0 .2 4 0 .9 2 0 .1 4 1 .6
P5 65 nd nd nd 0 .09 nd 0.09
P6 65 0 .11 nd 0 .1 4 0.57 0 .0 8 0 .9
Ml 62 0 .16 nd 0.16 0 .70 0.07 1 .1
M2 75 0 .1 4 nd 0.07 0 .46 0 .05 0.72
Y1 56 0 .10 nd 0 .18 0 .63 0.10 1 .0
Y2 72 0 .2 4 nd 0.16 0 .80 0 .08 1 .3-- '
MR 55 0 .2 2 nd 0 .22 0 .89 0 .06 1 .4
N otes : nd = n o t  d e t e c te d ;  a = s e e  l o c a t i o n  in  F ig u re  2 . 4 .
T ab le  A4.8 C o n c e n t ra t io n s  o f  R es in  A cids  ( a s  M ethyl E s t e r s )  in  F in e  
G ra in  S ed im en ts .
Compounds
Y2
C o n c e n t ra t io n  in  Jgg/g dry  
S t a t i o n  
PI MR P3 P4
sedim ent
P6 M2
P im aric 0 .02 0.02 0 .35 0 .46 0 .04 0 .02 0.03
S andaracop im aric nd nd 0 .08 nd nd 0.01 0.01
I s o p im a r ic nd 0.02 0.31 nd nd nd 0.02
D ehydroab ie t i c 0 .3 4 0.07 1 .3 4 .9 0 .02 0.01 0 .74
Ab i e t  ic nd nd 0 .04 nd nd 0 .02 0.05
T o t a l 0 .36 0.11 2 .1 5 .3 0 .06 0.06 0.85
N otes : a  g r a i n  s i z e  < 63 jum; nd B n o t  d e t e c te d  o r  < 10 ng /g  
d ry  sed im en t;  a = see  l o c a t i o n  i n  F ig u re  2 . 4 .
Figure A4.3 C o n c e n t r a t i o n - s t a t i o n  p r o f i l e s  o f  r e s i n  a c id s  i n  g rab  
s e d im e n ts .  Where o = wet whole se d im e n ts ;  * *= c o a r s e
g r a i n  sed im en ts  (0 .1 2 5  mm < g r a in  s i z e  < 1 . 0  mm); a  = f i n e  
g r a i n  sed im en ts  (63pm <  g r a i n  s i z e ) ;  Sampling lo c a t i o n s  
a r e  shown i n  F ig u re  2 . 4 ;  and
( a )  . . . .  P im a r ic  a c id ;
(b )  . . . .  I s o p im a r ic  a c id ;
(c )  . . . .  D e h y d ro a b ie t ic  a c i d .
(a) Pimaric acid 184
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(c )  D e h y d ro a b ie t ic  a c id
c o a r s e  g r a in  sed im ent
A f i n e  g r a i n  sedim ent
o w et e x t r a c t i o n
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E) The Method f o r  KPPME A n a ly s is  
Two methods p r e v i o u s l y  u s e d  t o  e x t r a c t  o r g a n i c  compounds f ro m  
KPPME a re  l i q u i d - l i q u i d  e x t r a c t i o n  (NCASI 1972, 1975, 1978; K e i th ,  1979) 
and column chromatography u s in g  XAD-2 r e s i n s  (L each  and  T h a k o re ,  1973 ; 
R o g e rs  a n d  Mahood, 1977; Fox, 1977; Brownlee and S tra c h a n ,  1977; NCASI, 
1978 ) .  L i q u i d - l i q u i d  e x t r a c t i o n  w i th  e t h y l  e t h e r  was recom m ended f o r  
q u a n t i t a t i v e  a n a l y s i s  o f  r e s i n  a c i d s  i n  a  b i o l o g i c a l l y  t r e a t e d  KPPME 
because  l o s s e s  o f  r e s i n  a c i d s  w e re  o b s e r v e d  i n  t h e  m e th o d  w h ic h  u s e d  
s e v e r a l  t y p e s  o f  XAD r e s i n s  ( R o g e r s  an d  M ahood, 1977 ; NCASI, 1978 ) .  
Based on i t s  s i m p l i c i t y  and r e l i a b i l i t y ,  l i q u i d - l i q u i d  e x t r a c t i o n  was 
a d o p te d  t o  e x t r a c t  t h e  e f f l u e n t s  i n  t h i s  s t u d y .  Due to  i n p u r i t i e s  
p r e s e n t  in  e t h y l  e t h e r ,  m ethylene c h l o r i d e  was u s e d  a s  t h e  e x t r a c t i n g  
s o l v e n t .  T h e  e x t r a c t  w as  t h e n  s e p a r a t e d  and  a n a l y z e d  f o l l o w i n g  
p ro ced u re s  s i m i l a r  to  th o se  used f o r  sedim ent s a m p le s .  S i n c e ,  a b i e t i c  
a c i d  was a m a jo r  com ponent i n  th e  KPPME, p o s s i b l e  d e g ra d a t io n  o f  t h i s  
a c id  due t o  th e  a n a l y t i c a l  method became more i m p o r t a n t .  F i g u r e s  A 4 .4  
( a )  and  ( b )  a r e  gas chromatograms o f  r e s i n  a c i d  f r a c t i o n s  o b ta in e d  from 
th e  a d d i t i o n  o f  r e s i n  a c id  s ta n d a rd s  i n t o  e x t r a c te d - w a te r  ( s a m p le  STDSP 
i n  T a b l e  2 . 2 )  a n d  t h e  p r o c e d u r e  b l a n k ,  r e s p e c t i v e l y .  T h e s e  
c h ro m a to g ra m s  and  t h e  r e s u l t s ,  shown i n  T a b le  2 . 2 ,  s u g g e s t e d  t h a t  
i s o m e r i z a t i o n  and o x id a t io n  o f  r e s i n  a c id  compounds a r e  l i k e l y  to  o ccu r  
as t h e  r e s u l t  o f  m in e ra l  a c i d s  in  th e  a n a l y t i c a l  m e th o d .  To p i n p o i n t  
th e  m ajor s te p  r e s p o n s ib le  f o r  th e s e  r e a c t i o n s ,  th e  r e s i n  ac id  s ta n d a rd s  
w ere  a n a l y z e d  i n d i v i d u a l l y  and  t h e  r e s u l t s  a r e  d e s c r i b e d  i n  t h e  
fo l lo w in g  s e c t i o n .
j L l
( a )
STDSP
fmxnaH n c  c « kw m  iwn»
Blank
C25
C17C18
KTEXTICH 11X ( C KDI
F ig u re  A4.4 Gas chromatograms o f  th e  r e s i n  a c i d  f r a c t i o n s  o f  Sample 
STDSP . . . .  (a )  and B lank  . . . .  ( b ) , w here:
P = P im a r ic  ac id ;
S = S an d araco p im ar ic  a c id ;
I  = I s o p im a r lc  a c id ;
D = D eh y d ro a b ie t ic  a c id ;
A = A b ie t i c  a c id ;
C17, C18, C25 = C o in je c te d  s ta n d a rd s .
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F) I s o m e r iz a t io n  and O x id a t io n  o f  R es in  Acids
The s ta n d a rd  was h e a te d  i n  a  Knud se n  t u b e  h e a t e r  a t  50°C f o r  48 
h o u r s  f o l l o w e d  b y  a l k a l i n e  p a r t i t i o n i n g .  The a c i d  f r a c t i o n  was 
s e p a r a t e d  i n t o  2 a l i q o u t s .  The f i r s t  a l i q o u t  was m e t h y l a t e d  w i t h  
d ia z o m e t h a n e  ( c a l l e d  #2 )  w h i l e  th e  second a l i q o u t  was s u b je c te d  to  an 
i s o l a t i o n  s t e p  fo llo w ed  by m e th y la t io n  ( c a l l e d  # 4 ) .  The r e c o v e r y  y i e l d  
o f  t h e  s t a n d a r d s  #2 and #4 a r e  shown in  Table A 4 .9 . Gas chromatograms 
o f  t h e  a b i e t i c  a c i d  f r a c t i o n s  #2 a n d  #4  ( F i g u r e  A 4 .5 )  show  an  
a p p ro x im a te ly  50% r e d u c t io n  in  t h e  rec o v e ry  y i e l d  o f  a b i e t i c  a c id  due to  
th e  i s o l a t i o n  s t e p .  I s o m e r iz a t io n  o f  n e o a b i e t i c  a c id  to  a b i e t i c  a c id  i s  
shown i n  F i g u r e  A 4 .6 .  I t  i s  c l e a r  t h a t  th e  use  o f  2% s u l f u r i c  a c i d -
m ethano l in  th e  i s o l a t i o n  s t e p  i s  r e s p o n s i b l e  f o r  t h e  i s o m e r i z a t i o n
r a t h e r  th an  th e  h e a t in g  a t  50°C f o r  48 h o u rs .
From t h e s e  r e s u l t s  one c a n  a r g u e  t h a t  a b i e t i c  a c i d  r e s u l t s
o b ta in e d  in  t h i s  Btudy may be th e  r e s u l t  of i s o m e r iz a t io n s  o f  c o n ju g a ted  
d ie n e  r e s i n  a c id s  such  as le v o p im a r ic ,  p a l u s t r i c ,  and n e o a b i e t i c  a c i d B .
I f  t h i s  i s  t h e  c a s e ,  t h e  c o n c e n t r a t i o n s  o f  a b i e t i c  a c id  o b ta in e d  from 
t h i s  s tu d y  would be o v e re s t im a te d .  However, t h i s  i s  u n l i k e l y  b e c a u s e  
t h e  t h r e e  c o n j u g a t e d  d i e n e s  a r e  v e r y  u n s t a b l e  and a r e  u n l i k e l y  to  be 
p r e s e n t  in  th e  KPPME due to  th e  h ig h  t e m p e r a t u r e  and  p r e s s u r e  u s e d  i n  
t h e  p u l p i n g  p r o c e s s .  The p r e s e n c e  o f  n e o a b i e t i c  a c i d ,  which i s  more 
s t a b l e  th an  le v o p im a r ic  and p a l u s t r i c  a c i d s ,  a s  a  m inor component (a b o u t  
40 ;u g /L )  i n  th e  KPPME was r e p o r te d  by o th e r  r e s e a r c h e r s  u s in g  d i f f e r e n t  
a n a l y t i c a l  m e th o d s  (F o x ,  1 9 7 6 ;  B ro w n le e  and  S t r a c h a n ,  1 9 7 6 ;  K e i t h ,
1 9 7 6 ) .  T h e r e f o r e ,  t h e  e x t e n t  o f  i s o m e r i z a t i o n  o f  n e o a b i e t i c  a c id  to  
a b i e t i c  a c id  i n  KPPME sam ples by th e  method u sed  in  t h i s  s tudy  i s  l i k e l y  
t o  be r a t h e r  s m a l l .
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F ig u re  A4.5 Gas chromatograms o f  a b i e t i c  a c id  an a ly zed  by th e  method 
w ith o u t th e  i s o l a t i o n  s t e p  (#2) . . . .  (a) and w i th  th e  
i s o l a t i o n  s te p  (// 4) . . . .  ( b ) , where:
D = D e h y d ro a b ie t ic  a c i d ;
A = A b ie t i c  a c id s
C17, C18, C25 «* C o in je c te d  s ta n d a rd s .
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F ig u re  A4.6 Gas chromatograms o f  n e o a b i e t i c  a c id  ana lyzed  by th e  mehtod 
w ith o u t  t h e  i s o l a t i o n  s t e p  (//2) . . . .  (a)  and w ith  th e  
i s o l a t i o n  s t e p  (#4) . . . .  ( b ) , where:
D = D e h y d ro a b ie t ic  a c id  ;
A -  A b ie t i c  a c i d  ;
N = N e o a b ie t ic  a c i d  ;
C17, C18, C25 = C o in je c te d  s t a n d a r d s .
APPENDIX V
Summary o f  th e  P roposed  D eg rad a t io n  Pathways o f  R es in  A c id s .
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D is p ro p o r t lo n a < ^ o n
COOII 
A b i e t i c  a c i d
and
F i c h t e l i t e Retene
F ig u re  A5.1 D ls p r o p o r t i o n a t io n  r e a c t i o n  o f  a b i e t i c  a c i d  r e s u l t s  in
f i c h t e l i t e  and r e t e n e  ( E g l in to n  and Murphy, 1969; S im o n e it ,
1977) .
A b ie t i c  a c i d
COOH 
P im a r ic  ty p e
itofe6
COOH
d e c a r b o x y la t io n
 >
a r o m a t iz a t io n
0 9•» rnnn
COOH
and
COOH COOH
F ig u re  A5.2 F a te  o f  d l t e r p e n o i d  r e s i n  a c id s  p ro p o sed  by Shaw e t  a l . ,  1979.
A b i e t i c  a c i d  D e h y d ro a b ie t ic  a c id
* o n■>
CH
Retene
F ig u re  A5.3 D eg rad a t io n  pathway o f  a b i e t i c  a c id  proposed by Laflamme and 
H i t e s ,  1973.
^  ' ch3
D ehydroab ie tane S im o n e l l i t e
COOH
A b i e t i c  a c i d
1 , 2 , 3 ,4 -T e t r a h y d ro re te n eD eh y d ro a b ie t in
Retene
F ig u re  A5.4 D eg rad a t io n  pathway o f  a b i e t i c  a c i d  p roposed  by Wakeham e t  a l . ,  
1980.
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